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PREFACE

Automatic gain control, signal thresholding, and range tracking are basic
building blocks of many radar and electronic warfare (EW) systems, active
and semi-active missiles, and antiradiation missiles (ARMs). This book is
meant as a practical starting point for those who must analyze and design
these blocks. The reader may well ask why analog, and not digital, automatic
tracking loops? Certainly most modern radar, EW, and related systems
employ digital (software) technology to perform many of the functions once
performed by analog circuitry: however, the digitizing of analog functions
requires a fundamental knowledge of analog circuit design and operation.
The intent of this book is to help in providing that knowledge. The deviation
from pure analog circuitry to a hybrid of analog, digital, and software is up to
the readers’ requirements; however, it is hoped that this book will provide a
solid foundation upon which one can begin to build.

Chapter 1 presents automatic gain control from a theoretical and practical
standpoint. Static regulation, dynamic regulation, loop bandwidth, and rise
time are covered and the theoretical results verified with several design
examples. Methods of varying IF and RF gains are discussed, as are the
effects of square law and linear detection on the various AGC parameters and
the effect of self-fAGC (the IF or RF signal having a controlling influence on
the circuits’ gain),

Virtually all radar, EW, and related systems employ signal thresholding to
identify the presence of a signal. Signal thresholds can be as simple as a
comparator and a fixed signal threshold voltage or as complicated as circuitry
that nulls any returns due to clutter or noise. Automatic thresholding loops to
remove clutter are usually quite complicated and indeed a digital approach at
the offset of design is often necessitated. Chapter 2 concentrates on the
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necessity of providing a noise riding threshold to compensate for the excess
noise due to IF/RF amplification preceding a basic crystal video receiver. A
fairly simple and straightforward noise tracking threshold is presented to
illustrate the techniques involved and the results that may be expected. An
automatic noise tracking loop to optimize the detection process is often a
necessity, even for simple receivers. This chapter is not meant as an all-
inclusive presentation on signal thresholding, but rather a starting point for
those who must define and design this important building block.

No book with the title Analog Automatic Tracking Loops would be
complete without a presentation of range-tracking loops. Chapter 3 presents
the analysis and design of both Type I and Type II range-tracking loops from a
phase-locked loop perspective. Examples are presented to verify the design
theory given.

Topics that deal with signal acquisition and reacquisition, signal duty
cycle dependence, etc., have been purposely left untouched. As an engineer
employed by the U.S. Government, I am acutely aware of the possibilities of
inadvertently and unwittingly compromising Navy programs. To remove this
risk, any topic which I felt could, in any way, compromise the work in which
we are engaged at the Naval Weapons Center (NWC) was left out completely.

The author would like to extend formally his appreciation to John
Daugherty and Paul Hilliard, who during the past 18 years, had the
responsibilities of constructing and testing the circuits presented. Ms. Janet
Pande, Bob Sutton, and Brad Wiitala reviewed this work, and I am most
grateful for the time spent and suggestions offered. I wish to give special
thanks to Mrs. Freddie Perry, my NWC editor, who had to take my
unintelligible notes and transform them into a readable document.

This work 1is an evolution of design notes, NWC publications, and other
documents, spread over the past twenty years. I wish to express my deepest
aprreciation to the management of NWC (past and present) who continue,
with ever increasing money constraints, to create the practical and academic
atmosphere that make works such as this possible.




A final thank you goes to the reader. Without your support, books such as
this would not be possible. I hope this work provides some of the material you
have been seeking. If it does, the past six months of nights and weekends will
have been worthwhile.

Richard Smith Hughes
June 1988
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Chapter 1
AUTOMATIC GAIN CONTROL

Introduction

Many radars and electronic warfare (EW) systems employ automatic gain
control (AGC) to normalize the received signal prior to signal processing (i.e.,
range tracking, signal acquisition, direction finding, etc.). This chapter
presents the basic AGC theory and design philosophy from a practical
standpoint. The theory covers static and dynamic regulation and AGC rise
time, with respect to square law detection and linear detection. Various
methods of variable gain control are presented and self-AGC (the controlled
signal level effecting the gain) is discussed. The chapter concludes with
several design examples.

Figure 1-1 illustrates a basic radar receiver employing AGC. As the
received input signal varies, the input to the intermediate frequency (IF)
amplifier changes. The AGC loop notes the change and varies the gain of the
IF amplifier in such a way that the output of the detector remains constant
(the AGC voltage could also vary the gain of the radio frequency (RF)
amplifier).

Figure 1-2 illustrates the basic components of AGC tracking loops
(continuous wave (CW) inputs will be assumed for now; however, operation
with pulse inputs is basically the same and will be covered later). The only
difference between Figures 1-2a and 1-2b is that one uses a low-pass filter
(LPF) and the other an integrator. The differences between these two
techniques are also discussed.




LOCAL
RE OSCILLATOR AGC VOLTAGE
ANTENNA AMPLIFIER /
SIGNAL AGC
RETURN LOOP '
Pl SIGNAL
NORMALIZED VIDEQ (ep! PROCESSOR

FIGURE 1-1. Basic Radar Receiver.

P|p(dBm)} Ppp(dBm) ep eN e,

{a) Low-pass filter.

P|g(dBm) PpD(dBm) ep eN e c

(b) Integrator.

FIGURE 1-2. Basic Components of Automatic Gain Control
(AGC) Tracking Loops.




The configurations of Figure 1-2 are quite general in that most AGC loops
can be reduced to the components illustrated (necessary pulse stretching and
timing circuitry for pulse AGC operation are not shown in the interest of
simplicity). The input signal, P;,(dBm), is amplified by the variable gain IF
amplifier. The variable gain IF output may be amplified or attenuated,
depending on the desired normalized detector input power, Ppj) N(dBm). The
detected signal is amplified by the video amplifier, A,, compared with a
reference voltage, Eg,(, and again amplified by the error amplifier, A,. The
resultant voltage drives the variable gain IF AGC input.

If P,,(dBm) should increase, Pp;)(dBm), and thus the normalized video
voltage, en, would increase, increasing the AGC voltage, and thus decreasing
the gain untilen = Ep,/.

Three basic parameters define the operation of an AGC loop:

1. Static regulation is the capability to compress large input variations
into small output variations. This is the same concept as line regulation in a
regulated power supply. The compressed output variation, APp;(dB), divided
by the input variation, AP,,(dB), is called the compression ratio (CR). The
change in the normalized video voltage, dex. depends on detector type and
will be discussed as we proceed.

> ]
Al l,l)(dB) an

CR,. . = —————
Ry AP, dB)

Ae (dB) .
CR. = —> _ 1-2)
vid Al'i“(ch

2. Dynamic regulation is the capability of an AGC loop to reduce the
dynamic input modulation, MP;,, appearing at the output, MPp, and is
called the input modulation reduction (IMR). This quality is especially
important in conical scanning radars. IMR is dependent on the loop gain (LG)
of the AGC loop and may be given as




(1-3)

3. Loop rise time (t,) is the 10 to 90% loop-response time resulting from a
step change in input power.

These three parameters are discussed in the next sections.

Static Regulation

Assume that the variable gain IF amplifier has a variable gain
characteristic as illustrated in Figure 1-3. (Most variable gain IF/RF
amplifiers have a rather linear relationship between gain (dB) and AGC
voltage.) The equation relating IF gain to AGC voltage is

A,dB) = A (dB) - X(AGC Voltage) (-4
where
X = variable gain slope in dB/V
A,dB) = maximum gain

AGC loops involve power levels and ratios in the IF and detector portion
and voltage levels and ratios in the video (or post detection) portion. Appendix
1A summarizes power-voltage relationships for easy reference.

One primary function of an AGC loop is to keep the output power,
P;1{dBm) (or video voltage, en), normalized to within a specified amount,
AP(dB) or Aen(dB), despite large variations in the input power, AP;,(dB). A
predetector amplifier may be necessary to ensure that the detector is operated
at the desired level, linear or square law (see Appendix 1B for detector
characteristics pertinent to AGC design).
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FIGURE 1-3. IF Amplifier Gain Versus AGC Voltage.

The static regulation characteristics of the low-pass filter AGC (Figure 1-
2a) will now be discussed. Compression ratio has been defined in Equation (1-
1). Appendix 1C presents the solution for AP;;{dB) as a function of detector
type, linear (Lin) or square law (SL), and the results are

>
AP, (dB) ! s

At

e @B = 10log | ———— +
IF 8L & XA,A e,




AP. (dB)
in

Al T
XAAAre!\i

(1-6)
4 =
”_‘J‘i"(d B) = 20 log +1

Thus, to minimize the change in output power, en, Ay, and A, must be
made as large as practicable (X is assumed constant for a given IF amplifier).

Solving Equations (1-5) and (1-6) for A A en, '
AP (dB})
_ (17
(AgAclylg, = AP _dB)

IF
x(m oo

AP. (dB)
mn

- 18
AA e in ™ AP _(dB

¥

Thus, since X and APj(dB) are known, the necessary AaA.en may be
found.

To illustrate the discussion thus far, consider the following:

Minimum input for AGC action Py puntdBm) = —=70dBm
{or AGC delay)

Minimum output under AGC action Pig min(dBm) = —0.5dBm

Maximum output under AGC action Py martdBm) = +0.5dBm

Maximum input for AGC action Py mar(dBm) = —20dBm
(or AGC dropout level)

The input dynamic range is

AP B =P, @dBm -P . (dBm =50dB a9
[34] inmax mnmin

and the output dynamic range is

AP @B =P.. (dBm -P, . (dBm=1dB (o
o 1Fmax IFmin



Thus the compression ratio is

(1-11)
AP",.(dB)

CRz ——— =0.62
APin(dB)

or the output increases 0.02 dBm for each 1 dBm increase to the input.
Figure 1-4 illustrates the characteristics of the AGC system just presented.

This discussion has concerned the AGC of Figure 1-2a. Figure 1-2b
illustrates an AGC loop that incorporates a true integrator. A true integrator
has a very large gain at low frequencies; therefore, under normalized,
unmodulated inputs, e, = 0. Thus,

= (112)
AP, _dB) =0

and perfect regulation is obtained. (Further in the chapter the theoretical
equations presented will be verified with a practical example.)

2 }n——————AGc RANGE ———————sf

3
] S

o
[« o4
% 0 FPie yldBmIe— — — — — —————
-9
5 PIN'MAX(dBm) P”: M|N(d8m)
e PINMINGBM)
o APIN (d8)

| .
» ! ' | 1 1 L J
0 -10 -20 -30 ~40 -50 -60 ~70 -80

INPUT POWER (Py), dBm

FIGURE 1-4, Typical AGC Characteristics.




The next section presents the behavior of the AGC loop, illustrated in
Figure 1-2, under input modulation conditions.

Dynamic Regulation

Figure 1-5 illustrates the AGC loop of Figure 1-2a in classical feedback
form. Using conventional feedback theory, Oliver [1]* has shown that

(1-13)

Ae",(Pl’) _ 1 ( Aein(PP) >
e“,(l’l’) 1+AB\ e (PP)
m

where

e, (PP) = peak - to— peak IF output voltage

Ae”_.(PP)

———— (100) = percent output modulation(M or M__)
e (PP P P ° 1¥
Aein(l’l’)

————— (100) = percentinput modulation (M)

e, (PP) P np wiation iy

AB = loop gain (LG)

Equation (1-3) may be written as (assuming LG > 1)

M
1 1-14)

IF 7 16

or, the IF output modulation is reduced by the inverse of the loop gain. Thus
the input modulation reduction is (for large loop gains)

*Numbers in brackets | | refer to references These references, along with a
bibliography, are contained at the end of each chapter.



IMR = lm (1-15)

and

= IMRM,) 1-16)

e;\(PP) r;?‘\ e (PP)

A
ERef :

D -<

A<

FIGURE 1-5. Block Diagram of Feedback Amplifier.

The loop gain (for constant input power) is found by breaking the AGC
input to the variable gain IF amplifier and modulating the AGC voltage. The
loop gain is thus the modulated output voltage, AAGC’, divided by the
modulated AGC voltage, AAGC, asillustrated in Figure 1-6:*

AAGC’

= (117
AAGC

or

(1-18)

LG = A(JCAPDAI)A~ AAAL

*The effect of the low-pass filter will be neglected. Ideally this sets the frequency
response of the loop.



where

Aagce = dynamic AGC gain, Aejp(PPYAAGC (V/V)
App = predetector gain, Aepp(PD)/Aej(PP) (V/V)
Ap = dynamic detector gain, Aep/Aepp(PP) (V/V)

A, = videogain, Aen/Aep (V/V)
A, = error gain AAGC'/Ae, (V/V)
A8|F(PP) AEPD(PP’ AeD AeN

Pin(dBm) = CONSTANT

AAGC

AAGC” /AL LPF

FIGURE 1-6. Method of Finding Loop Gain.

The dynamic AGC gain is a nonlinear quantity, but for small values of
AAGC,may be given as (Appendix 1D)

- ; (1-19)
A,\GC =0.1 I5Xe”‘(l’l’i (V/V)

The dynamic detector gain is also nonlinear; however, it may be assumed
linear over small values of Aepp(PP). The dynamic detector gain for a square

law detector (Appendix 1B) may be given as

A, =5x10%K PP) (V/V (120
pst. =~ 0 %1 s1.€pp! (Vv
where Kg/. is a square law detector constant.
Substituting Equations (1-19) and (1-20)} into (1-18),
(12N

LG, = [0.115X e"_,(PP)J A e

-3
l5x10 JKSI (PPIA A A

rPD

10




However, since

- (1-22)
e, (PP) = e, (PPVA,
Equation (1-21) may be written as
_ 9 s (1-23)
LGy = 0.115X |, PP)|*5 x 109Ky A A,A,
The detector output, ep, is (Appendix 1B)
e, =25 x 107 Ky, e,,n(PP)l’ V) (1-24)
thus, under normalized conditionsep = ep N
= (1-25)
LGSL =0.23 XA‘,AAA:en'N
or , since
€N T fharn
(1-26)

LGSL = 0.23)(AAA.:eN

Equation (1-26) is simple but very accurate. Using the same methods, but for
a linear detector (Appendix 1B},

- -3 (1-27)
Ap i = 189 x 10 UKL (VW)
and
=1.59 x 10 °K PPy (N (1-28)
CoLin = 199X Lin®pp (PP ¢
thus the loop gain becomes
(1-29)

LGl.in =0.115 XAAAceN

It can be seen from Equations (1-5) and (1-6) that the loop gain and static
regulation (AP;p(dB)) are dependent on XApA.en; thus, for a given IF
amplifier, ApA, can be maximized to give the necessary loop gain,

11




1 300

Al

AP, @B
dB) = 10 log 1‘

—_—
XAAAceN

>
1F.SL

and

_ (1-31)
LG, =0.23XA A e,

Solving Equation (1-31) for ApA.en,

(132

and substituting into Equation (1-30),

0.23Al’i"(dBi
LG

(1 33)

Al (dB) = 10 log +1

>
1F SL

For the linear detector this equation becomes

0.124P, (dB)
AP i (dB)=10log ‘ 03 "

(139

Thus the loop gain uniquely determines the static regulation. Conversely,
the s.atic regulation uniquely determines the loop gain, as shown below.

Solving Equation (1-30) for ApA.en,

A Ao o olndh) (1.35)
AT NSL T AP (dB)
x(m 10 -1‘)
Substituting Equation (1-35) into (1-31),
Al’in(dHl
LGSL=°'23l AP, (dB) 1 (1-36)

1V

(m 10 -1)

12




and for the linear detector,

Ap. (dB) |
mn

>
Al "_,(dl!b

(10 » )

LG, . = 0.115‘
n

Li (1-37)

The dynamic regulation for the true integrator AGC loop of Figure 1-2b is
similar to the low-pass-filter loop, except that the loop gain must be multiplied
by the frequency-dependent gain of the integrator, A}, (assuming a large low-
frequency gain for the operational amplifier),

_Z‘

¥ (1 38)
Alm— R
where
. 1 30
—
F o 2nfC
or
0.159 o
= —_— 140
A,m TRC Z+ 90 { )
Thus,
0.036 )(AAAcesN .41
G,6 = —mm——
SL fCR
and
G _ 0.018 XAAAreN (1.42)
Lin — fCR

The frequency response for the low-pass-filter loop will be determined by the
low-pass filter (assuming that the open loop frequency, neglecting the filter, is
much larger than the filter frequency response, which is usually the case).

13




Loop Rise Time and Bandwidth (f3gg)

The loop rise time, t,, is defined as the 10 to 90% AGC response time to step
changes in input power. The rise time is dependent on the nonlinear
characteristics of the detector; thus,the equations presented (see Appendix 1E
for the derivation) are valid only for small input steps (less than £2 dBm).

The rise times and bandwidth for the integrator and low-pass-filter loops
are the same, and may be given as

9.56 RC 0.35

[ S1 =z — rﬁd“ﬂ'l = {1-433
r . N
XAAAreN Lr.Sl.
.13 RC 0.:
v, = 1913 RC f = 835 (1-44)
rlLin XA A e, 3dB,Lin L.
A ¢ N r.Lin

As can be seen, the loop rise time is also dependent on XApA eN; however, the
rise time can be calculated independently in terms of R and C.

The rise times given in Equations (1-43) and (1-44) are for CW input loops.
What is the rise time for a pulse loop rather than a CW loop? The effect a
pulse AGC loop has on i, is quite easy to determine. Figure 1-7 illustrates a
basic pulse AGC loop, and the pertinent timing is shown in Figure 1-8.

AGC ’_—o

ERef R ¢
P|n(dBm) IF Ay S:gEEE/ ‘ i

en
RESET INTEGRATOR
UPDATE
COMPARATOR (T,)
THRESHOLD TIMING
ADJUST

FIGURE 1-7. Basic Pulse AGC Block Diagram.
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INPUT PULSE TRAIN ~J&= PRI = | I
SAMPLE HOLD _ [ ] —

OUTPUT
SAMPLE'HOLD  _
RESET L
INTEGRATOR UPDATE f=7, [ 1
PULSE

FIGURE 1-8. Basic Pulse AGC Timing.

The basic operation of the pulse AGC loop is straightforward; the input
pulse is amplified, detected, sampled, and compared to the reference voltage,
ERef. The amplified video also triggers a comparator (threshold) that initiates
the timing. The integrator update switch is closed for a given period, T,,
every pulse; thus the integrator is only allowed to update the AGC loop during
T.. The effective time constant (Tp,s.) for the updated integrator is

= RC( PRI ) (1 45)
pulse T
v
The update duty cycle, D. may be given as
T
D= Y (1-46)
PRI
Thus, Equation (1-45) may be written as
RC
Ll (1-47
Tpulse n )

15




All equations thus presented for loop rise time, (,, may now be given in more
general terms as

9.56 RC ¢ 0.35 (1-48)
Ly = “w = -
“SLXAA e D MBS

19.13 RC 0.35 (1.49)
i .= m——— LR ———
Lt XA e D MBLIR L e

It should be noted that sampling the AGC loop makes it a sampled data
system. This publication will assume that any input modulation frequency is
much smaller (by at least ten) than the sampling rate (PRF in pulsed AGC). If
this condition is not met, instability may well result.

Automatic Gain Control Design Verification

The preceding section presented the equations that characterize an AGC
tracking loop. In this section, we wil] verify these equations using a simple
AGC tracking loop. Nonideal parameters will be discussed (i.e., the iF
amplifier’s variable gain slope, X, is not linear over the full AGC range), and
practical design equations will be presented with these nonideal parameters
in mind.

Square t.aw Detector Test Circuit

Figure 1-9 illustrates the circuit used to validate the equations already
presented. The philosophy here is to analyze an existing AGC loop to verify
the equations rather than to verify by design (Chapter 2 presents the design
for several practical AGC loops). The square law detector is discussed first,
then the linear.
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a

Figure 1-10 illustrates the square law characteristics for the detector used
{see Appendix 1B for a discussion of detector characteristics). A normalized
video reference, ey, of — ] volt will be used: thus the detector output. eg). 1s

- o1 5o
€y T evA
or,since A, = 240,
e, = 1240 = $.2mV b
The detector input power required to give an ej) of 4.2 mV is (Appendix 1B)
K' g
: P dBm) = - 10 log —— s
rn e, (mV)
)
1 350
! P, dBm = - 10 log| i (153
or
154
P, (dBmi= -19.2dBm

PD

Detector D2 is used as a temperature stabilizing element to minimize the
dc offset effects of D;. With no IF present, R, is adjusted until en = 0 volt).
Resistor R 1s adjusted to give the desired normalized video voltage, e ( ~ 1
volt). The —6 dB power splitter enables the output power variation to be
monitored. The IF output poweris

P dBm) = P dBm + 6dB S

where both outputs of the power splitter are the same (P,(dBm) = Pp;(dBm)).
Resistor Ry is used for the low-pass-filter AGC.
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1,000 0
d-10
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- - -40
10 ] mv
KsL = 350 GBm
35 mv —4-50
1 —ﬁ -60
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o1 1 1 ] 1L 1 L 80
0 -5 ~10 -15 -20 25 -30 -35

DETECTOR INPUT P\, dBm

FIGURE 1-10. Detector Output Versus Input Power
(HI” 5082-2800).
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Figure 1-11 illustrates the variable gain characteristics of the IF amplifier.
It will be noticed that the slope varies with AGC voltage (which is typical of
many commercial variable gain IF amplifiers). The variation in X with AGC
voltage and gain is given in Table 1-1. As can be seen, there is more than a
three-to-one variation in X. Thus the loop gain, static regulation (for the low-
pass-filter AGC), and rise time of the loop will be a function of AGC voltage
and, thus, the input power, P,,(dBm).

60

IF GAIN (A}, dBm

AGC VOLTAGE, Vv

FIGURE 1-11. IF Amplifier Variable Gain
Characteristics.
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TABLE 1-1. IF Amplifier Variable Gain Slope.

AGC voltage, V Gain,dB X,dB/V
[ -1.75 40 18.2
-2.85 30 13.9
-~3.25 20 9.1
-4.6 10 5.5

The static regulation for the low-pass-filter AGC was presented as
(Equation(1-5))

>
AP, (dB) , (1.56)

AP (dB)= 10log | ——— +1
XAAA e
e N

IF.8L

which assumes a linear gain slope, X. Obviously the gain slope varies (Figure
1-11 and Table 1-1), and Equation (1-56) is not valid. This problem is easily
corrected, however, by noting that

APi"(dB) (1-57)

AAGC =

where AAGC is the total change in AGC voltage for the total desired input
dynamic range, AP;p(dB). Equation (1-57) may now be written as

AP, (dB)=10log (1-58)

AAGC l
+1

AAAteN

>
IF.SL

which defines the static regulation for a practical low-pass-filter AGC loop
using a square law detector (the linear detector loop will be presented shortly).
The static regulation for the integrator loop will still be near zero because of
the large static (dc) gain of the integrator.
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The parameters for the low-pass-filter AGC loop may now be given as (see
Figure 1-9)

APD(dB) = -6; PPD(dBm) = -19.2; P”‘(d Bm) = -13.2

e, = — 1 (adjusted at -3 volts AGC); , =240

N

A, =~1;A =-857;R.C=96
€ F

The IF input was varied from —70 to —10 dBm (4AP,(dB) = 60), and the
AGC voltage varied from ~1.01 to —6.87 volts (AAGC = 5.86 volts), as shown
in Figure 1-12. The output power varied from —22.2 dBm at an AGC voltage
of —1.01 volts to —19.3 dBm at an AGC voltage of 6.87 volts (AP,(dB) = 2.9),
as shown in Figure 1-13. Thus the change in output power, AP,(dB), is

= (1-59)
APo'SL(dB) =29

The predicted change in output power (AP, = APyf), using Equation (1-58), is

5.86
AP _ (dB)=10log| —————— +1|=2.26dB (1-60)
oSt (~1X-8.57)1)

INPUT POWER (P}, dBm
3
T rrirunv

b S U R R S B I
0 -1 -2 -3 -4 -5 6 —7
AGC VOLTAGE, V

FIGURE 1-12. Input Power Versus
AGC Voltage (L.ow-Pass Filter).
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o 21 ]
s =
29 § 2
- o a
o &
T _Ll-——-— AAGC = 5.86 V

_10 I I N | | B

0 —1 -2 -3 ~-4 -5 -6 -7

AGC VOLTAGE, Vv

FIGURE 1-13. Detector Input Power Versus
AGC Voltage (Low-Pass Filter).

and is in excellent agreement with the measured value of 2.9 dB. The
normalized video voltage, en, varied from —0.78 volt at an AGC voltage of
—1.01, to —1.42 volts at an AGC voltage of —6.87 volts. Thus the measured
change in ey, den(dB), is

- - (1-61)
AeNSL(dB) = 20 log (1.42/0.78) = 5.2

The predicted value is twice the change in output power, since the change
in ep in decibels is twice the change in input power in decibels for a square law
detector (see Appendix 1B). Thus,

AAGC
Aey o @B) =20 |og( At (162)
A N
or
5.86
Ae,  dB) = 201 —————+|l=4.5 (1-63)
ENsL 8 | T v-857MD)

which also is in excellent agreement with the measured value of 5.2 dB.
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The value for ey was changed to —2 volts by adjusting R, and the
measured difference in AP,(dB) for input variations from —70 to —10 dBm

was
AP, @B)=1.23 (1-64)
The predicted value, using Equation (1-58), is
AP, (dB) = 10log ﬁ:g:—m +1]=1.28 (1-65)

which again is in excellent agreement with the measured result. The
measured change in ey, den s1.(dB), was 2.15 dB. The predicted change is in
excellent agreement with the measured value, as shown in Equation (1-66):

5.86

——— +1|=2.55 (1-66)
(1%8.57X2)

AeN.SI.(dB) =20 log

The loop rise time was measured for input variationsof +1, £5,and £10
dB at three input levels. Table 1-2 summarizes the results.

TABLE 1-2. Loop Rise Time Results.

Loop rise time, tr, s

P, dBm | AGC,V | X,dB/V
1dB | +1dB | 5dB | +5dB | -10dB | +10dB

g e — 1]

-53 -193 15 0.7 08 0.85 0.6 1.0 0.5
-37 -3.16 9.1 1.0 0.95 1.1 0.8 1.25 0.7
| —26 —4.51 5.5 1.25 1.25 1.5 1.1 | N 0.9
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The equations predicting the loop rise time are valid only for small input
deviations, as discussed in the preceding section and Appendix 1E. The rise
time for the low-pass-filter loop was given as (Equation (1-43))

9.56 RC

L = — (1-67)
St
r XAAAteN

The predicted values are compared to the measured values in Table 1-3 (%1
dB), and as can be seen, there is good agreement.

TABLE 1-3. Measured and Predicted l.oop Rise Times.

Pin, dBm X,dB/V 1r (measured), s | tr (predicted - Eq. 1-67), s
-53 15.0 0.8 0.71
=37 9.1 1.0 1.18
—-26 5.5 1.25 1.94

The deviation in loop rise time at large input variations (Table 1-2) is due
to the nonlinear behavior of the detector. Two methods to minimize this effect
are given later in the chapter.

The loop gain was measured as illustrated in Figure 1-6. The modulating
frequency was well below the low-pass-filter bandwidth.

i
f LPF) = — (1-68)
aanv! 2nRC

(The open loop frequency response for this circuit (with C removed) is in excess

of 3 kilohertz; thus the RpC filter will determine the bandwidth for
frequencies up to about 1 kilohertz.)
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The measured loop gains are listed in Table 1-4. The predicted loop gain is
(Equation (1-26))

- (1-69)
LGSL =0.23 XAAAceN

Table 1-4 also compares the measured and predicted loop gains, which can be
seen to be quite close.

TABLE 1-4. Low Pass Filter L.oop Gains.

i Measured Predicted
Pin, dBm AGC X,dB/V loop gain loop gain
-50 -1.95 15.0 25.7 29.6
-35 -3.19 9.1 15.0 17.9
-25 —4.53 5.5 12.8 10.4

Figure 1-9 (with Ry removed) illustrates the basic integrator AGC loop
using a square law detector. Figure 1-14 illustrates the input power versus
AGC voltage for ey = —1 volt. The measured change in the output power,
AP,(dB), was 0.12 dB for inputs from —65 to ~10 dBm. The predicted change,
from Equation (1-12), is 0 dBm, which is in excellent agreement with the
measured result.

Table 1-5 summarizes the loop rise time results.

The predicted rise time, again valid only foer small input variations
(Equation (1-87)), is given in Table 1-6, and agrees favorably with the
measured results. The value for ey was doubled, and the loop rise time was
halved, as predicted by Equation (1-67).
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INPUT POWER (P|p), dBm
&
o
T

-20 |-
-10 -
0 L 1 1 i 1 ]
0 -1 -2 -3 -4 -5 -6 -7
AGC VOLTAGE, Vv
FIGURE 1-14. Input Power Versus AGC Voltage
(Integrator, Square l.aw Detector).
TABLE 1-5. Integrator AGC l.oop Rise Time Results.
i Loop rise time, v, s
{ PdBm | AGC,V | X, dB/V
‘ AdB | +1dB | 5dB | +5dB | -10dB | +10dB
I —50 1.95 15.0 058 0.55 0.68 04 0.7 04
|
I -35 3.19 91 095 0.95 11 09 1.2 06
L—ZS 4.53 5.5 15 1.4 1.8 1.2 19 09
TABLE 1-6. Measured and Predicted
Integrator L.oop Rise Times.
Pin,dBm X,dB/V 1 (measured),s | 1, (predicted),s
—-50 15.0 0.58 0.71
-35 9.1 0.95 1.17
. —25 5.5 1.5 1.94
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The loop gain is frequency-sensitive, as discussed earlier.

0.036 XA A e
LG, = a%eN (170)

SL fRC

The measured loop gain for an input of —35dBm (X = 9.1 dB/V) was 0.03
with an input frequency of 10 Hertz. The predicted value is

__ (0.036X9.1(1KIXI)
SL

= = 0.0293 (1-71)
(10X280 x 10%K4 x 10°%)

LG

which is in excellent agreement with measured results.

Linear Detector Test Circuit

Figure 1-15 illustrates the circuit used to verify the linear detector AGC
equations. The same variable gain amplifier used for the square law detector
test circuit is used, as is the detector. Figure 1-16 illustrates the linear
characteristics for the HP 5082-2800 detector. As can be seen, this detector
has linear qualities above 0 dBm.

A normalized video reference, ey, of —1 volt is used; the detector output,
ep, is

(1.72)
eu = eN/A\

A, = 3.3; thus,

e,= ~133=~03V (173
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+10 dBm \
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k) KLin = (520) 10 l \\\PROJECTION &g
’—
g KLin = 164 | \\ 5
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2 TRANSITION | S
[ o
c o
@ o
w001 -4 &

5 v SQUARE LAW a

f
0,001 1 | 1 | 1 ] -60
415 +10 +5 0 -5 —-10 —~15 --20

DETECTOR INPUT ({Ppp), dBm

FIGURE 1-16. Detector OQutput Versus
Input Power (HP 5082-2800).

The necessary input power to satisfy Equation (1-73) is (Appendix 1B)

K

Lin
P_ (dBm)= -201 (
ppldBm) 8\ e, (mV) )
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164 )
Pop@Bmi = ~20log( o | (1 75)
300

2
Pp

or
P, (dBm) = 5.3 dBm (176
and, referring to Figure 1-15,
_ _ (70
l’”.(dBm) =83-25+6=~-13.75dBm
The low-pass-filter AGC will be discussed first (A, = 3.3, Ay = -1, A, =
—20,eny = —1volt). The static regulation may be given as
i AAGC -
AP . (dB) = 20log +1 (1 78)
o.Lin Ae
A e N

The input power was varied from —69 to 0 dBm (AP,,(dB) = 69), and the
AGC voltage varied from —~0.82 to —7.03 volts (AAGC = 6.21 volts), as shown
in Figure 1-17. The output power from the 6-dBm power divider varied from
—19.6 to —17.49 dBm (AP,(dB) = 2.11) over the AGC range, as shown in
Figure 1-18. The nonlinearities for inputs larger than —10 dBm are due to
the self-AGC effects of the input signal on the gain (the signal is large encugh
to have a controlling effect on gain). This condition must be avoided for linear
operation (self-~AGC will be discussed shortly). To avoid any effects of self-
AGC, only inputs from —69 to — 10 dBm will be used. Using Figures 1-17 and
1-18,

Al’in(dB) = -59dB
(1 80!

AAGC =5.84V

AP dB)=2.11dB (1 RN
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INPUT POWER (P|p). dBm

POWER SPLIT OUTPUT dBm

-70
—60 b
-50 [~
—-40 -
=30 b~
_20k SELF-AGC
ACTION STARTS

—10 b~

0 ] 1 ] ] 1 1

0 -1 -2 -3 -4 -5 -6 -7
AGC VOLTAGE, Vv
FIGURE 1-17. Input Power Versus AGC Voltage
(LLPF, Linear Detector).
-20
i
—19p
AP,(dB) = 2.11
-8}
L | AAGC = 564 V

_17 1 | i I 1 1

0 -1 -2 -3 -4 -5 -6 -7

AGC VOLTAGE, Vv

FIGURE 1.18. Power Splitter Output Power Versus
AGC Voltage (L.PF, Linear Detector).
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The predicted change in output power is (Equation (1-78))

5.64
AP . (dB)=20log _— e +1)=2.16d8 (1-82)
o.lin K- IX-20)

which is in excellent agreement with the measured value. The normalized

video output, en, varied from —0.895 volt (AGC = -0.82 volt) to -1.143

volts (AGC = —6.46 volts). Thus the change in ey is(indB)

Ae (dB) = 20 log(1.143/0.895) = 2.12dB (1-83)

This is the same as the change in output power, which is to be expected for
a linear detector. Thus
AAGC )
Bey 0B = 20 log( +1)= AP @B) (1-84)
3 AN A A e 0
A" e N

f +1dB(AGC =

The loop rise time was measured for input variations o
3.1; X = 9.1 dB/V) and was 1.7 seconds. The predicted loop rise time is

(Equation (1-44))
19.12R.C (1.85)

tr,l,in= XA Ae
At N

or

19.12(1 x 105422 x 107 (1-86)

elin (9.1~ 1)X— 20X1)

= 2.31 seconds

1
which is in good agreement with the measured value.

The loop gain was measured to be 22 (AGC = ~3.1,X = 9.1dBNV). The

predicted loop gain is (Equation (1-29))

(-87

LG, = 0.115XA A ey
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or

LG, . = 0.1150.1~ 1X~20)(1) = 20.93 (1-88)

which is in excellent agreement with the measured value.

The linear detector integrator AGC loop is illustrated in Figure 1-15, with
Ry removed, C = 1 pF, and R; = 1 MQ. Figure 1-19 illustrates the input
power versus AGC voltage. This curve also deviates from the expected at
inputs larger than — 10 dBm due to the self-AGC effects.

The power output from the 6-dB power divider varied from —18.3 dBm
(Ppp(dBm) = 6.7 dBm) at —65 dBm input power to —18.53 dBm (Pp;dBm)
= 6.47 dBm) at — 10 dBm input power. Thus the output power changed:

AP (@B) = 6.7 - 6.47 = 0.23dB (1 89}

which is very close to the 0-dBm change predicted. The normalized video
voltage, en, varied from —1.042 to —1.018 volts over the same input power
range. Thus,

1.042
1.018

=0.2dB (190

AeN(dB) = 20 log

which is similar to the change in output power, as is to be expected with the
linear detector (Aen(dB) = APpp(dB)).

The loop rise time measured for an AGC voltage of —3.1 (X = 9.1dB/V) at
11 dB input power deviation was 1.8 seconds. The predicted value (Equation
(1-85)) is

19.12a1 x 10501 x 1079 (191
V= = 2.1 seconds
r @.DAX=1X-1)

and is in excellent agreement with the measured value.
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FIGURE 1-19. Input Power Versus AGC Voltage
(Integrator, Linear Detector).

The measured loop gain is 0.0147 for a modulation frequency of 10 Hertz.
The predicted value (Equation (1-42)) is
_ 0.018 XAAAceN

LG, = (1-92)
tn fRC

or

0.0189.1X1 1K)
LG,. = O.INTXIX =0.0164 (1-93)

Lin o0 x 10890 x 1079)

which is also in excellent agreement with the measured value.

A series switch was placed between the differencing amplifier, A4, and the
integrator to verify Equations (1-48) and (1-49). A pulse repetition frequency
of 1 kilohertz and update time, T, of 500 microseconds were used. The duty
cycle is thus

T

D= u (1-94)
PRI

=T (PRP
u
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or

_e 3 (1-95)
D=G00 x 10" "1 x 10°)=0.5
The expected loop rise times are, from Equations (1-48) and (1-49),
L, - IR (196
. XAAAceND
19.12RC (1.97)

"r.l in =
- XAAAteND
or the loop rise times should double for a duty cycle of 0.5. Measured results
show exact agreement.

It should be noted that a holding capacitor (sample-hold circuit) is needed
to hold the error voltage, ¢, for the low-pass-filter AGC in pulse-AGC
applications (Figure 1-7).

Figures 1-20, 1-21, and 1-22 summarize the AGC loop design equations for
easy reference.

A basic understanding of various methods of controlling amplifier gain
will now be presented.

Variable Gain Elements

This section will present a basic discussion of several modern variable gain
techniques. The approach to vary IF/RF amplifier gain in years past (early
1960s) was to vary the operating point of the amplifying transistor (forward
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FIGURE 1-20. Low-Pass Filter, Square Law Detector
Design Summary.
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* It 1s assumed that the loop frequency response is determined by the low-pass filter.

FIGURE 1-21. L.ow-Pass Filter, Linear Detector
Design Summary.
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* It is assumed that the loop frequency response is determined by the integrator (the
frequency response of the AGC elements and associated circuitry much greater than
the unity loop gain frequency).

FIGURE 1-22. Integrator Design Summary.
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and reverse AGC). This method has two drawbacks that become serious in
modern high-performance systems:

1. The dynamic range of the transistor is altered as the operating point
changes.

2. Changes in the transistor’s frequency characteristics occur, which
make phase and amplitude tracking most difficult.

In general, there exists an operating point at which a transistor (Bipolar or
FET) exhibits its best performance (low noise, bandwidth, gain, etc.), and any
deviation from this operating point will result in degraded performance.

What, then, can the designer do if a variable gain is desired without
changing the bias of the amplifying transistor? The answer, obviously, is to
change something else.

PP-N Junction Diodes as Variable Gain Elements

If a diode is included in either the emitter or collector of a transistor,
changing the diode voltage or current will vary its impedance, and thus
change the circuit’s gain without affecting the transistor itself. Furthermore,
depending upon whether the diode is placed in the emitter or collector leg, and
whether it is controlled by a current or a voltage, four different gain versus
control-signal transfer characteristics can be obtained: linear, logarithmic,
hyperbolic, and inverse logarithmic.

The first step in implementing this scheme is to determine the dynamic
resistance of the diode as a function of its applied voltage or current. The
voltage across a forward-based diode is given by

_ (1.98)
Ve =aVoln (/1) + LR
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where

Vg = diode forward voltage drop

n = diode constant (temperature insensitive)
n = 2forsilicon
n = 1for Schottky
Vt = KT/q
K = Boltzmann’s constant
T = absolute temperature
q = electron charge
I = diode forward current
I, = reversesaturation current (temperature sensitive)

R, = ohmic (bulk) resistance

If Equation (1-98) is differentiated with respect to Ip, the dynamic
resistance (rg) is obtained

r

v
Yy (1-99)

or, as a function of forward voltage,

nv; (’Vr (1-100)

r,= —— exp
d
ls qVT

For modern diodes, the bulk resistance, R, is on the order of 1 ohm and can be
neglected in both equations.

To make use of Equations (1-99) and (1-100), the two constants Is and 1
must be determined. [ is found by examining a plot of log I versus Vg
(Figure 1-23) and extrapolating the straight portion (logarithmic region) until
it intersects the ordinate. Alternatively, the reciprocal slope, m, of the
straight portion can be measured and then, using any voltage current pair, V,
and I, Isis given by

_ _ (1-101)
log ls = (mlog |l Vx\/m

41




<
31
51000 - -—
£ DECADE
w
& 100
3 LOGARITHMIC REGION
@) ” J
o« ” AV
< -~
z 10 r-r l B\
s DECADE
w Is
L4 ! | \ |
0 100 200 300 400 500

FORWARD VOLTAGE (Vg), mV

HOW TO CALCULATE I THE RECIPROCAL SLOPE, m,
OF THE STRAIGHT PORTION OF THIS LOG I VS. Vg
CURVE S SEEN TO BE 0.2 VOLT PER DECADE. FOR A
V, OF, SAY, 0.4 VOLT, I, IS 10~3 A, HENCE LOG I, =
-3.  SUBSTITUTING THESE NUMBERS INTO EQUATION
(1-101), A VALUE OF -5 IS FOUND FOR LOG I, HENCE,
I, = 10 yA AS VERIFIED BY THE EXTRAPOLATED
(DASHED) LINE.

FIGURE 1-23. Calculation of I,.
The slope, m, is measured in volts per decade of current. It should be noted
that the curve will change with temperature.

I; is a strong function of temperature while 1 is relatively unaffected by it.
Furthermore, it is found that n is quite constant for a whole diode family,
although I may vary greatly from unit to unit.

Most amplifier gains can be expressed in the form A, = R¢/Ry where R¢
and Rp are collector and emitter resistances, respectively. Therefore, a
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variable-resistance diode placed across one of these gain-determining
resistors may be used to control the amplifier’s gain.

The four basic configurations shown in Figure 1-24 illustrate the
flexibility of the technique [2].

One problem that this diode technique shares with more conventional
methods of gain control is the undesired changing of the circuit gain by the
gain-controlled signal itself (self-AGC). If the ac signal appearing across the
gain-controlling diode is too large, it will strongly affect the circuit gain.

While this effect cannot be eliminated, it can be kept within set limits by
making sure that the ac signal across the diodes does not exceed

_ (1 102)
e,= mlog(A /A )

where
eq4 = the(instantaneous)value of the ac signal voltage across the diode
m = the reciprocal slope discussed in Figure 1-23
A, = thedesired gain of the amplifier

A; = the minimum acceptable gain including the self-AGC effect.

Consider, as an example, a gain-controlled amplifier biased to provide a
voltage gain of 10 (20 dB). Suppose that loss of 1 dB due to self-AGC is the
maximum that can be tolerated; this would reduce the voltage gain to 8.9 (19
dB). Ifthe diode slope, m, equals 120 mV/decade, then

10
e, =0.12log — =6mV {1 103)
d 8.9

Thus the maximum ac signal across the diode should not exceed 6 mV.

43




LOGARITHMIC FUNCTION

SOF

Vee OtODE
SATURATION
Re
wr out
'N __CONTROL
VOLTAGE
R
2
el o
>
L4
1
o EFFECT
OF Rg Ays-Re /R¢’
Ree 1k
Renry
ool 1 1 | R SR |
o1 02 03 04 05 [o]
CONTROL VOLTAGE (V}
HYPERBOLIC FUNCTION
00— Ve
EFFECT out
CONTROL
CURRENT
10
RE
4
Ay:—R¢/Rg
RE= 100 OHMS
[Je] 8 Rewry
DIODE SATURATION —
[o}] 1 1 n
10 102 103 04

CONTROL CURRENT (A}

200

100

r INVERSE LOG FUNCTION

EFFECT OF R¢

out
CONTROL
VOLTAGE

10 '—
IN
>
<
10 —
) DIQDE
Ay=RcrRe = SATURATION
Rg = 100
APy
Xl 1 1 I 1 4
ol 02 03 0a 05 06
CONTROL VOLTAGE (V)
L. NEAR FUNCTION
30
DIODE SATURATION
25¢
20
15 ouT
>

CONTROL
CURRENT

Ays-Rc/Re/
ch Ix
RED 1q

1 4

0o 05 10 ) 20

CONTROL CURRENT (mA)

FIGURE 1-24. Four Basic P-N Diode AGC Configurations,
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It is often necessary to have several amplifiers track in gain and phase. If
the variable gain control is a current, little problem in diode matching for
amplitude tracking arises.

The Four Basic P-N Diode AGC Configurations

The four circuits shown in Figure 1-24 demonstrate the flexibility of the
diode gain-control approach.

The gain equations all assume a transistor alpha of unity. Deviations from
the ideal response at low values of ry are caused by diode saturation. At the
other end of the scale, deviations arise as ry approaches the value of the
bypassed resistance.

For the cases of the emitter-coupled diode (linear and logarithmic
functions) Ry 'is the parallel combination of Ry and ry. When the diode is
effectively across the collector resistor (hyperbolic and inverse log functions)
R 'represents the parallel combinations of R¢ and ry.

A good working estimate of the gain temperature coefficient for the
voltage-controlled cases is +2 mV/°C. This means that, for decreasing
temperatures, increasing the applied voltage by 2 mV/*C will keep the gain
constant. For the current-controlled cases, the temperature coefficient is
approximately —0.17%/C. Thus, for decreasing temperatures, decreasing |
by 0.17%/°C will provide constant gain. (These numbers assume silicon
diodes.)

Equation (1-99) indicates that the diode dynamic resistance, ry, when
driven from a current source, is not a function of I;. Since n, for a given diode
family, is quite constant and the diodes can be colocated to ensure they are at
the same temperature, little problem in diode matching is encountered;
simply ensure the diode slopes, m, meet the following criterion:
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dB match
0 (1-104)
=10

3,5
= |»

Thus, to ensure a 1-dB gain match, the diode slopes (AV{(mV)/Decade Iy)
must be

1
20 (1-105)

=10 =1.12

3'5
= >

or the slopes must be matched to within 11.2%, which is quite easily
accomplished.

If the control signal is a voltage, however, the diode resistance will depend
on I which is most temperature sensitive and varies from diode to diode. To
ensure a given match, the diodes’ forward voltage must be matched to within a
specified limit, AV,

A simple equation relating AV for a given gain match may be given as

s (1-106)
AV, = (T)(dB Match) x 10

Consider that two amplifiers must gain track to within 1 dB. Assuming
Schottky diode (n=1) the necessary forward voltage match, AV, as a function
of temperature, is given in Table 1-7.

To ensure proper phase tracking, the variable gain amplifiers must have a
much wider bandwidth than the IF center frequency, and the variable diode

TABLE 1-7. AV Match Necessary
for a 1-dB Tracking Error.

r Temperature, °C ("K) AVe, mV
+100(373) 3.7
+ 27 (300) 3.0
-50(223) 2.23
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resistance should not have any affect on any frequency- or bandwidth-
determining elements. A simple method to minimize any frequency or
bandwidth degradation is to use variable attenuators following broadband
fixed-gain stages as illustrated in Figure 1-25.

To ensure that, in an AGC loop, the low-pass filter or integrator (Figure 1-
2) determines the frequency response, all capacitors must be small to ensure
that the variable attenuation response is much faster than the desired AGC
response time.

Figure 1-26 illustrates a block diagram of a commercial 60-MHz variable
gain IF amplifier using P-N junction-diode controlled attenuators. Figure 1-
27 illustrates the gain versus AGC voltage, and, as can be seen, the slope is
fairly constant for gains from 10 to 55 dB. The self-AGC (for a 1-dB gain
compression), as a function of gain and input power, is illustrated in Figure 1-
28. The importance of this curve is that it clearly illustrates that a maximum
output of —15 dB is permissible for a gain of 0 dB. Thus, over the full variable
gain range of 60 dB, this amplifier does not have the output capability to drive
a detector into its linear region. Thus the amplifier is suited only for square
law detectors.

VARIABLE GAIN CONTROL

+1

FIXED GAIN FIXED GAIN

R
IF |NPUT—->—-| }—-J\/—+——' I OUTPUT

i

FIGURE 1-25. Basic Variable Attenuator Configuration.
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=3 dB =3 dB

ATTEN 22 dB  ATTEN 22 dB

FIGURE 1-26. IF Amplifier Configuration.

_

0 ~1 -2 -3 ~4 —5
AGC VOLTAGE, V

FIGURE 1-27. 1F Amplifier Variable Gain
Characteristics (Commercial 60-MHz
Variable Gain Amplifier).
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IF OUTPUT POWER (P,), dBm

P-N junction diodes have two serious limitations in modern EW systems:
(1) self-AGC starts at low input voltage levels, and (2) they are generally
frequency-limited to IFs of less than 100 MHz. The PIN diode, however,

+30

+20

+10

-10

-20p-
1-dB SELF-AGC

(COMPRESSION)

’—-

I {

| 1 L
0 -10 -20 -30 -40 -50
IF INPUT POWER (Py), dBm

—-60

FIGURE 1-28. Self-AGC Characteristics
(Commercial 60-MHz Variable Gain
Amplifier).

overcomes these limitations.

PIN Diodes as Variable Gain Elements

The PIN diode appears as an almost pure resistance at frequencies up to
several thousand MHz, and is similar to the P-N junction diode in that this
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resistance is a function of bias current or voltage. The general circuit concepts
discussed earlier are valid for PIN diodes; however, they are most used as
variable resistance elements in variable attenuators, usually in the n, T, or
bridged T configuration, as illustrated in Figure 1-29. The designers of
voltage variable attenuators using PIN diodes ensure that the 50 Q input and
output impedances are fairly insensitive to attenuation level.

(@)n (b)T

PIN R, Pout

(c)Bridged - T

FIGURE 1-29. Several PIN Diode Configurations
(R and Rg Represent the PIN’s Variable
Resistance).

The variable resistance of PIN diodes behaves in a manner similar to that
of P-N junction diodes, in that it is an exponential function of voltage and a
linear function of current. Also, the variable resistance is a strong function of
temperature when driven from a voltage source, and relatively constant when
driven from a current source.
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Figure 1-30 illustrates the variable resistance versus forward current for a
commercial PIN diode suited for use in variable attenuators (3, 4,and 5]. The
variable resistance, rp;n, may be given as

Kp)

PIN- K
g

(1107

P2

where Kp; and Kpy are PIN diode constants and can be determined as
illustrated in Figure 1-31.
The ease of using Figure 1-31 will become apparent by finding rp;y for the

“typical” resistance characteristic illustrated in Figure 1-30:

lea = 10BA 1y, =000Q 1 =1mA,r, . =150

|
SPEC LIMITS ON
BIAS CL,JRRENT—d

1000 HIGH RESISTANCE SPEC LIMITS ____|

TYPICAL RESISTANCE

CHARACTERISTICS |

100

LOW RESISTANCE
10 }—SPEC LIMITS

VARIABLE RESISTANCE, rp;y

1

.5
5 uA 10 pA 100 wA TmA 10OmA  50mA
DC BIAS CURRENT (te)

FIGURE 1-30. Variakle Resistance
Characteristics for an HP 5082-3004

PIN Diode.
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Log (rpiN A'PIN B)
Log (Igg/IFA )

Kp2 =
'PIN A

P2

K
'PIN Kp1 = rpin A (IFA!

FIGURE 1-31. Method for Finding PIN Diode Constants.

K_ = Log (900/15) = 0.889 (1-108)

1x10°3
Log (——— )

10 x 1078

(1-109)
Kp, = 800)(10 x 10~%%% = 0.032

Thus the variable resistance for the “typical diode” is

p o D082 (1-110)
PIN 0869
lF

Figure 1-32 illustrates the basic configuration for a commercial n
attenuator using PIN diodes. The variable attenuation characteristics are
illustrated in Figures 1-33 and 1-34. Figure 1-35 illustrates the self-AGC
effects, and as will be noted, there is little self-AGC for input powers less than
0 dBm. The PIN diode is far superior to P-N junction diodes with respect to
self-AGC.
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FIGURE 1-35. Attenuation Versus
Input Power (Self-AGC Kffect).
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Figure 1-36 illustrates the effect of frequency on the variable attenuation
characteristics of the PIN diode attenuator. The importance of this figure is
that it is an indicator of reactive (rather than pure resistance) effects. For
frequencies below 1,000 MHz, Figure 1-36 indicates that attenuations of less
than 20 dB are due to the PIN diode resistance. This insensitivity to
frequency greatly eases the amplitude and phase tracking from unit to unit.
Amplitude tracking to within +1 dB,and phase tracking to within less than
15 degrees,is not difficult to obtain if the attenuation is limited to less than
20 dB and is via current control.

0
10 -
ATTENUATION DUE

o TO PURE PIN DIODE
> 20 RESISTANCE
1
[
<
2
w 30
[
b~
<

40

100 M
50 00 MHz 1
0 5 10 15

CONTROL VOLTAGE, Vv
FIGURE 1-36. Attenuation Versus Control

Voltage as a Function of Frequenc
(Obtained from the WJ CG-1 Data Sheet).

GaAs FETs as Variable Gain Elements

The advent of GaAs monolithic microwave integrated circuits (MMIC)
extends the variable pure resistance needed for frequency insensitive variable
attenuators to more than 10 GHz. Attenuator configurations using GaAs
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FETs are similar to those illustrated in Figure 1-29; however, unlike PIN
diodes, the FETs are monolithically integrated and very close matching would
be expected.

Figure 1-37 [6} illustrates a modern voltage variable attenuator utilizing
GaAs MMIC technology. The attenuator and operational amplifier within the
box compare a reference attenuator that ensures a 50 Q input and output
impedance independent of attenuation. Assuming close matching between
the reference and signal attenuators, the RF input sees a 50 Q impedance
(with RF output terminated in 50 Q) independent of attenuation. The
linearizing circuit compensates for the nonlinear attenuation versus control
voltage (FETs are voltage-controlled, not current-controlled, devices). Figure
1-38 illustrates the variable attenuation characteristics.

Self-AGC effects depend upon FET design and geometry. Maximum input
power of 0 dBm is typical (for 0.5-dB change in attenuation due to self-AGC).

CONTROL
VOLTAGE

LINEARIZING
CIRCUIT

SIGNAL ATTENUATOR

— ——

RF IN RF ouT!
|
50 Q

REFERENCE

FIGURE 1-37. WJ-RG45 GaAs FET
Voltage-Controlled Attenuator.
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FIGURE 1-38. WJ-RG45 Variable
Attenuation Characteristics.
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Matching amplitude and phase is not as simple as one would expect for a
monolithic design; in fact, it is easier to match PIN diode attenuators
(amplitude less than 1 dB, phase less than +5 degrees) than GaAs FET
attenuators. This may change as GaAs MMIC technology matures.

Many modern EW receivers are designed using commercially available
wide-bandwidth fixed-gain amplifiers (which can be chosen for optimum noise
figure, output power, etc.) and variable attenuators that can be positioned to
optimize the linear dynamic range. The desired bandwidth and center
frequency can be obtained with properly placed filters. A typical monopulse
receiver employing variable gain may well appear as shown in Figure 1-39.
Amplitude and phase matching can be accomplished by testing at the
component level.

Applications

Several applications will now be presented to illustrate the design concepts
previously described. Only the basic circuits will be presented since a
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FIGURE 1-39. Basic Monopulse Receiver.



complete design, for even a simple AGC loop, would require more in-depth
linear circuit design background than can be presented here.

To illustrate the design procedure, we will first consider a simple 30-MHz
CW IF amplitude nulling loop.

A 30-MHz CW AGC loop is desired that will give a —-15 dBm (£0.25 dB)
output. The loop is to operate in the square law region of the detector diode,
and inputs to the IF amplifier are ~60 dBm minimum and -10 dBm
maximum. The loop should be of the low-pass filter design, with a closed loop
bandwidth of at least 5 kHz (or loop rise time of 70 ps).

The variable gain characteristics for the 30-MHz amplifier is illustrated in
Figure 1-40, and, as can be seen, the variable gain slope is nearly constant at
X =70dB/V.

70

60 —
50—

40 r—- X = 70 dB/V

30 |-

IF GAIN (A[¢), dB

ZOT-

SELF-AGC STARTS
10 P~ AT —10 dBm INPUT

0 | I N (R NN B N
30 32 3.4 36 38 40 42 4.4 46
AGC VOLTAGE, Vv

FIGURE 1-40. 1F Gain Versus AGC Voltage
(30-MHz IF Amplifier).
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A back diode [7] will be used because of its near zero dc offset, thus
minimizing the need for temperature stabilization. The diode constant for the
detector (Ge BD-2) is

Ky = 500 mV/mW (aimn

Figure 1-41 illustrates the AGC loop and A;, Aa, and A, have been
combined to minimize parts. Since an output power of - 15 dBm is desired, the
power divider ensures the detector is also at — 15 dBm (this power is within
the detector’s square law region). The IF amplifier’s output will be 6-dB above
the output power, Pjpr = ~9 dBm, which is well within the power output
capabilities of the amplifier.

F—P (dBm)
otdem 0.01 uF
—

392 k2

Pin(dBm) 6 dB
POWER DIVIDER

100 pF BD-2 1 kQ

L “10 v
{ Im F }l\
51 Q M 740
AGC — I T/‘_/K) v

— =E
VOLTAGE Ref

10 k2 10 k§2

+10 v-/\,—/\,-l\,—qo \

10 kO ~P,(dBm) ADJUST

FIGURE 1-41. Single Operational Amplifier 30-MHz AGC Loop.

Referring to Figure 1-20, the value for A, Ay A, may be found

-P (dBm)
0

(AP, dB) x 105 10 "0 (1112

v A r AP (dB
0

XKy,

1o 0 -Il
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or

-~ 15}

50 x 103 10 ' a1
0;5

(70)(500) ‘m“’ -|\

A‘_AAAC =

Thus,

— (1114
AAA =370
We will use a gain of 392 (392 kQ feedback resistor, 1 kQ series resistor).

The feedback capacitor needed for a loop rise time of 70 ps /5 kHz closed loop
bandwidth) may be given as (Figure 1-20)

LXK A ALAD

- P (dBm) t1115)

C =

9.56 x 10° R( 1w '

or

70 x 10 %)(70)(500% 392 (1)
-(- 15 (1 11
9.56 x 10°392 x 10% 10 '

and

PRl
C = 0.0081 uF (et C = 0.01 pk SN
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ERefin Figure 1-41 is adjusted for P, = —15 dBm at an input power of
—35 dBm. Figure 1-42 illustrates the AGC voltage versus input power;
inputs larger than —10 dBm have a controlling effect on the IF amplifiers’

gain (self-AGC).
—80
—70 =
£
L 50—
z
< X = 70 dB/V
€ _gof—
2
B
a.
5
a -30p—
Z
_20}—
~10 } SELF-AGC ACTION STARTS
. L | ! |
2 25 3 35 4 4.5 5

AGC VOLTAGE, VvV

FIGURE 1-42. AGC Voltage Versus Input Power
(30-MHz Continuous Wave AGC).
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Figure 1-43 illustrates the change in output power versus input power.
The output power changes from —14.6 to —15.2dBm (Pi, = —10 dBm to Piq
= —60 dBm) or AP, (dB) = 0.6 dB, which is very close to our design value of
0.5 dB. The loop rise time was measured (with £1 dB input steps) and was
found to be 65 ps, which is very close to our design value. The measured loop
gain is 90, with a predicted value (Figure 1-20) of

P . (dBm)
o (1-118)

= -3 10
LG =0.23 x 10 KSLX AVAAA(_ 10
or

-13

3 Ty (1-119)
LG = (0.23 x 107°)(500)(70)(392) 10
or

LG = 99.8 (1-120)

which is very close to the measured value,

-15.8

{
o
<))

|

—15.4 L

L
o
N
r

-150 =

148 |-

OUTPUT POWER (P,), dBm

—146 <

_14.4 1 L 1 L L l
—10 -20 -30 —40 —50 —-60 -70
INPUT POWER (P)y), dBm

L FIGURE 1-43. Output Power Versus Input Power.
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This example was chosen not for its state-of-the-art importance, but to
illustrate the accuracy afforded by the equations presented. The circuitry
used to achieve a given AGC loop is entirely up to the designer.

An AGC loop for a pulsed conical scanning radar receiver will now be
presented.

Conical Scanning AGC Loop

The AGC loop illustrated in Figure 1-44 is typical of many conical
scanning radar receivers. The AGC loop keeps the video (en) constant for
slowly varying intensity changes. However, the AGC loop must have
minimum effect at the conical scanning frequency to avoid any plane rotation.
Figure 1-45a illustrates a typical conical scanning radar. The angle return is
dependent on the modulation envelope of the return pulses (Figure 1-45b) and

‘ phase, with respect to a reference voltage (Figure 1-45¢). The resultant
azimuth and elevation signals are defined in Figure 1-45d.

S/H C
TRIGGER 4 F

INEAR e A€ ——t
LINE N REFps R. R
{

DETECTION

2 Aa

PiN > . {
\ SAMPLE/HOLD —_—

X = dB/VOLT

H—H H

€s/H

L[ PHASE TO ANGLE
SHIFTER DEMODULATOR

IF GAIN, dB

1
AGC VOLTAGE
IF AMPLIFIER VARIABLE GAIN CHARACTERISTICS
FIGURE 1-44. Conical Scanning Automatic Gain Control Loop.
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The information necessary for angle tracking is usually obtained by
comparing the sampled received signal with a reference signal (Figures 1-45b
and 1-45¢); thus, the signal modulation envelope should have minimum AGC
at the scanning frequency. (If AGC were applied at the scanning frequency,
no modulation envelope would result, due to the inherent input modulation
reduction characteristics of the AGC loop.) Furthermore, any phase shift of
the received modulation envelope must be kept small to avoid cross talk
between the azimuth and elevation angle loops (plane rotation). The loop gain
at the scanning frequency must be much less than unity.

Assuming a linear detector, the modulation ratio of the normalized video
(Mep) to the intermediate frequency (IF) input (Me;,) may be given as [8]:

MeN 1

Me 1+ LGYAGC(f)

(1-121}

where
LG = low frequency loop gain (Figure 1-21)
Yagce(f) = filter and sample hold transfer function at frequency f

Since Y acc(f) is a complex quantity, Meyn will also be complex. In certain
conical scanning radar receivers, the scan modulation is extracted from the
sample/hold output, and it is important that the phase shift between the input
modulation and output modulation be insensitive to any dynamic receiver
parameters, or the coordinates into which the target alignment is resolved
will not coincide with the vertical and horizontal coordinates. (Any fixed
phase shift can easily be compensated by a phase shift circuit, as illustrated in
Figure 1-44.)

The low frequency loop gain for the AGC configuration of Figure 1-44 may
be given as (Figure 1-21)

= (1-122)
LGu“ =0.1156X AAA:eN
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The static regulation for a linear detector may be given as (Figure 1-21)

AP. (dB)
m

Ae (dB)=20Iog(-———~ +|) (1-123)
N XAAAceN
where

AeNn(dB) = decibel change in normalized video for a given change in
AP;n(dB).

Equation (1-123) may be given as

AAGC
Ae (dB) =20 Iog( kit n) (1-124)
AAA e,
e N
where
]
AAGE AP, (dB) 0 1251

Equation (1-124) may now be solved in terms of AsAen required for a
desired Aen(dB) and a specified AAGC:
AAGC

- : (1-126)
AAACeN AeNldB)

(=)

10 -1
Now, since ApA en is known for given static regulation requirements, the
loop gain is also uniquely determined from Equation (1-122),

The plane rotation as a function of AGC loop dynamics is fairly
complicated. However, provided that the signal PRF is much larger than the
conical scanning frequency, the plane rotation may be reasonably
approximated as [8]

0. =Tan"

. ( LGf, ,(LPF)
PR

) (1127

cs
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where
O6pr = plane rotation due to AGC loop

fes = conical scanning frequency

f,u5'LPF) = low pass 3-dB frequency response necessary for given tpg .

Solving Equation (1-127), f345 may be given as

f
N O (1.128)
fMB(Ll’H— G I'an el’R

A practical design example will now be given.

Design parameters: minimum input power for AGC action = —60 dBm,
maximum input for linear operation = —10 dBm, conical scanning frequency
= 175 Hz, plane rotation = 5 degrees, Aex = %1 dB, instantaneous input
dynamic range = +£10dB.

To obtain a £ 10 dB instantaneous input dynamic range, a linear detector
will be utilized (Aen(dB) = AP;(dB)). Figure 1-46 illustrates the linear
characteristics for a Schottky diode, and, as can be seen, the detector output is
quite linear (dB out versus dB in) for inputs greater than —3 dBm. A
normalized value of Pppn{dBm)n = + 7 will be used (Pppy{max) = +17 dBm,
Ppp(min) = —3dB). PIN diode attenuators (with a linearizing circuit) will be
utilized to obtain the necessary gain variation asillustrated in Figure 1-47,

Figure 1-48 illustrates the basic AGC loop. A normalized video voltage
(en) of —3 volts will be used. Thus, for a normalized Pp;dBm) = +7 dBm
(Figure 1-46)

A = }-— =5 (1129
0.6

v
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- 9= ==

€p

FIGURE 1-46. Linear Detector Characteristics.
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AMPLIFIER
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AMPLIFIER
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FIGURE 1-47. Basic Conical Scanning Receiver.
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THRESHOLD
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COMPARATOR

FIGURE 1-48. Basic Conical Scanning AGC Loop.
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Figure 1-49 illustrates the AGC characteristics for the receiver (Ay = 5
and ey = 3 volts). The variable gain slope, X, is 5 dB/volt, and ApxAcen

(Equation (1-126)) may now be found

10
AAe, = —— =386 (1-130)
102 -1y
and A, is(for Aa = 1)
A = — =
€ (1K)

-10
-9
_g}
,_7k
6k X = 55 dB/VOLT

AGC VOLTAGE, V
|
o
L

| N ISR VN GRUNUN RN S |

1V
AAGC = 50 dB (m—)= 10 VOLTS

0 -5 —10 —15 —20 —25 —30 -35 —40 —45 —50
IF INPUT POWER, dBm

FIGURE 1-49. AGC Voltage Versus Input Power.

eNlvideo =3V at ~30dBm.
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The loop gain necessary for our static regulation is (Equation (1-122))

LG = (0.115)(5)(38.6) = 22.2 (1-132)

The low-pass filter 3-dB frequency response (f3gg(LPF)) necessary to

ensure the loop gain is low enough for the desired 5-degree plane rotation is
(Equation (1-128))

175
fadB(l‘pF) = 22.2 Tan 5 = 0.69 Hz (1-133)

The values for Ry, Crand R (Figure 1-48) will now be found

f LPF) = (1134)
2a8’ 2nR C,
or
chr= —01—59;—- =0.23 (1-135)
f&m(Ll F)
Letting C = 6.6 pF,
R = _Lzs__zu.SkQ {1-136)
6.6 x 1076
and R; (for A, = 12.9)is
R =— =328 90ke (r-13m
! 12. ’
£
72




Figure 1-50 illustrates the receiver and AGC loop characteristics. Ascan
be seen, Aen(dB) is quite close to our design value (1 dB). The sample/hold
signal is held for the pulse repetition interval, thus the duty cycle (D) is unity,
and the predicted rise time (Figure 1-21) is

| _ 22RC_ 2.2(34.8 x 10°16.6 x 10 &) (1138)

‘ LG 22.1

or

Lr=23msec (139

which compares favorably with the measured value of 27 msec.

S 4
< "5
o
5 3F
¢
[
3 15
> CHANGE IN dB WIiTH
o 2 = RESPECT TQ 3 V
a
>
Q
W
NI —_—
3 SIGNAL T
< THRESHOLD
s
a
S 1 1 ! I 1 |
0 -10 20 30 40 50 60 70

RF INPUT POWER, dBm

FIGURE 1-50. Receiver/AGC Variable Gain Characteristics.
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The sample/hold process complicates the loop stability, and the loop will
oscillate half the sampling frequency (PRF) if the loop gain at this frequency
exceeds unity [8].

Optimizing L.oop Rise Times

The loop rise time calculations presented are valid only for small steps in
input power, typically less than 2 dB. Tables 1-2 and 1-5 illustrate the
dependence of the input step and polarity on the loop rise time. As can be
seen, the rise time decreases for positive input steps (increased power), and
increases for negative steps (decreased power). This nonlinearity is due to the
inherent nonlinear properties of the detector. Figure 1-51 illustrates the
normalized instantaneous detector output for a square law detector, using

AP, (dBm)
_rm (1-140)
_ 10
eps = 10
10
85 o
Q- 8 n
z £
<2 7t
=24 1]
<9 6 o
[ z
w = i}
25 51 «
V8]
0’ a4 w
NS «
35 3
<
sSY 2p ™
x5 =R LINEAR
Sa 1} APPROXIMATION
| i 1 1 I 1 1 | i [ . |
-9 -8-7 6 -5-4-3-2-10 1 2 3 4 5 66 7 8 9

APjn(dBm) WITH RESPECT TO REFERENCE

FIGURE 1-51. Instantaneous Detector Voltage Versus APjh(dBm).
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As can be seen, ep is very nonlinear for AP;,(dB) greater than +2 dB. Thus
the AGC integrator, or low-pass-filter input, will be large for + AP;,(dB) and
small for — AP;,(dB) (e.g., for AP;,(dB) = +5, Aepy) = 3.2 — 1 = 2.2, and for
AP;p(dB) = —5,Aep =1 — 0.3 = 0.7). Thus the rise times for large values of
+AP;(dB) should be expected to be shorter than for large values of
—AP,(dB).

Certain AGC loops may require a more constant loop rise time with large
values of ‘_tA\P,‘,,(dB). Two solutions to this problem are apparent from the
previous discussion: (1) have a shorter RC time constant for — AP;n(dB) steps,
or (2) linearize ep versus AP;,(dB). These two techniques will now be
presented.

Variable Time Constant

Figure 1-52 illustrates a variable time constant circuit. This circuit
replaces the differencing circuit and integrator of Figure 1-9. The diode, Dy,
blocks positive voltages (or + AP;;(dB)), and the loop behaves as it normally
does; however, D; turns on for — AP;,(dB), thus decreasing the integrator’s RC
time constant (R; and R2 are now in parallel). The transistor compensates for
the 0.6-volt DC diode drop. R| may now be adjusted to give equal rise times
for + AP;,(dB). This circuit works for AP;,(dB) = £5 dBm. A much better
solution would be to linearize ey with respect to AP;,(dB).

[.inearized Time Constant

A logarithmic amplifier preceding the differencing amplifier (Figure 1-53)
will linearize ey with respect to AP;,(dBm). A logarithmic amplifier has the
following characteristics [9]

- (1-141)
ey = Kl log K2 (Ave“)
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FIGURE 1-52, Variable Time Constant Circuit.

Ppp(dBm) TO A AMPLIFIER

FIGURE 1-53. AGC Loop Employing Logarithmic Amplifier.

where
K, K2 = logarithmic amplifier constants

Now , for a square law detector,

P
o - - (1.142)
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and substituting Equation (1-142) into (1-141),

P . . (dBm}
LR (1-143)

- 10
e, = K, log K,A, |K 10

or

K. P_ (dBm)
_ ®Mbep _ (1-144)
ey = — o = K, log(K,A Ky)

Taking the derivative of Equation (1-144) with respect to Ppp)(dBm),

Ae K
S = — (VidB) (1-145)

APpn(d B) 10
or, the logarithmic video output has a constant slope of K;/10(V/dB), which is
the desired result.

To calculate the static regulation, loop gain, and loop rise time, simply
include the logarithmic amplifier in the calculations given in Appendices C,
D, and E. Figures 1-54 and 1-55 illustrate the pertinent parameters for the
logarithmic amplifier AGC loop.

Figure 1-56 illustrates a basic pulse AGC loop incorporating a logarithmic
amplifier for optimizing loop rise times.
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Po(dBm)

X = IF GAIN SLOPE (dB/V) LS = LOGARITHMIC SLOPE (V/dBm)
D= UPDATE DUTY CYCLE

STATIC REGULATION
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_A_G.C__ AeN'Sl‘(dBmi = G
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o taBm 2AAA (LS) A A (LS)
€ €

LOOP RISE TIME (10 TO 90%)

1.05 RC
U = m—
r.SL XA A (LS)D
A€

LOOP GAIN

LGSL = 2XA A (LS)

) LG 0.159 2.2 RC
v = TGRC * LG

FIGURE 1-54. Low-Pass Filter and L.og Video AGC Design Summary.
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"
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D = INTEGRATOR UPDATE DUTY
CYCLE
STATIC REGULATION
AP dBm) = 0 Ae (dBm) = 0
(] N
LOOP RISE TIME (10 TO 90%)
_ 1.05 RC _ 2.1 RC
‘eSL T XA A (LSID ‘elin T XA A (LSID
At A e
LOOP GAIN
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FIGURE 1-55. Integrator and L.og Video AGC Design Summary.
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FIGURE 1-56. Linear Rise Time AGC l.oop.

Basic Loop Stability

AGC loop dynamics have been given as (Figures 1-5 and 1-6 and Equation
(1-13))
M = " " 146)
o 1+ LGH

where
M, = outputmodulation
M; = inputmodulation

LG(f) = frequency dependent loop gain
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Classical feedback theory tells us that the loop gain must be less than
unity when its phase shift is 180 degrees. The AGC loop designer must ensure
that this condition is satisfied. The loop frequency response is usually
dominated by the low-pass filter or integrator; thus, to avoid instability, the
variable gain element frequency response must be much larger than: (1)
[34B(LPF) for the low-pass filter and (2) the frequency for unity loop gain for
the integrator.
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Appendix 1A

POWER-VOLTAGE RELATIONSHIPS
FOR A 50-OHM SYSTEM

| |

IFINPUT —AAA~ “ANN——IF OUTPUT
ey (PP) eq(PP)
‘2
rms ——
p =002 1 = 7.07 VD
rm ras
e €pp 2
elPP) = 2.83 e e =20\ T P={—)
rms 20

e(dBV) = 20log e(PP) = 10log P + 26

PrdBm)

P(dBm) = 10log P + 30 P=1x103 10 9
edBVi= PdBmi - 4 PidBm) = 20 log e(PP) + 4
P(dBm) - 1 PcdBm)
ePPy=10 & =610 ¥

FIGURE 1A-1. Power-Voltage Relationships
for a 50-Ohm System.
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Appendix 1B

BASIC DETECTOR CHARACTERISTICS

The crystal diode detector converts the IF waveform into a dc waveform for
continuous wave AGC, or into pulses for pulse AGC. The basic characteristics
for detectors are square law for low input powers (the output voltage increases
2 dBV for each dBm increase in input power) and linear for high input powers
(the output voltage increases 1 dBV for each dBm increase in input power).
Watson [10] covers detector characteristics in detail; however, several
important characteristics pertinent to AGC design will be presented here.

Figure 1B-1 illustrates the input-output characteristics for a typical
Schottky barrier detector (HP 5082-2800). The square law characteristics will
be covered first, then the linear.

The square law detector characteristics are valid for inputs of —15 dBm
and lower. The detector output voltage, ¢, may be given as

(1B 1
where

episin millivolts

Pppisin milliwatts

Ks). is a square law detector constant

The diode constant, Ky, is the detector static gain,

M) ("‘V> (IR 2)
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FIGURE 1B-1. Detector Characteristics (see Figure 1-16).

DETECTOR OUTPUT (en). dBV

and is fairly constant for detector inputs less than —15 dBm. The value of
K1, may be found, provided a curve similar to Figure 1B-1 is given.
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The detector input power, Ppp, may be given in terms of dBm as (Appendix
1A)

g (18 3)
_ 10
PopmW) = 10
substituting Equation (1B-3) into (1B-2),
—PPD(dme 1B-4)
Ko =ep10 © [ 2Y)
st~ %o W

Referring to Figure 1B-1, Kgy, is (for Pppy = —20dBm, ep = 3.5mV)

20
o (mV (18-5)
K, = 3.5 10 (——mw)
or
mV
K =350(— (1B @
SL mW )

Knowing Ks1,, ep for a Ppp(dBm) may be found by solving Equation (1B-4)
for e:

P . (dBm)
rm__ B

- 10
epst. = Kg 10 <mv)

The dynamic detector gain, Ap gy, (V/V), is necessary in calculating the
loop gain (Figure 1-6). The detector’s dynamic gain will be found for a fixed
input, ep(PP):

de,

An,SI.(V/W = m (epn(l’l’) ): Constant

(an 8
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—
— e m———

where (Appendix 1A)
Feptdbm B9

- 2
epo(l’l’) = (0.63) 10

or
P, . . (dBm) 12
- ) (1B-10)

( Py
19

epb(l'l’) = (0.63) 10

and
P, (dBm)
O e, (PP e AB-11)
10 (48]
o B ()
0.63
Thus,
P (dBm)
P (1B-12)

10 0 =251 [el,"(PP)]z
Substituting Equation (1B-12) into (1B-7),
e, = (2.5!)(KSL) [e[,u(l’}’)lz (mV)

The dynamic detector gain, Ap g1, (V/V), is

de, (1B-14)

AL (VIV) = e
D.SL
d epD(PP)

(1B-13

Thus from Equation (1B-13),*
(1B-15)

-3
AD.SL(V/W =5 x 10 KSI. epu(l’l’)

* K1 has been defined in terms of ep in millivolts (Kg;, = ep(mV)Y/Ppp(mV)). Thus Kgp.

must be divided by !,000 for ep in volts.
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aGadnE

Since (Appendix 1A)

P (dBm)
T (1B-16)

- 2
epp(PP) = (0.63) 10

P, (dBm)
o (1B-17)

_ -3 20
Al).Sl.(V/V) = 3.76 x 10 KSI. 10

The dynamic detector gain in V/dBm, Ap s1.(V/dBm), is needed when

solving for the loop rise time, tr. This gain may be found by differentiating
Equation (1B-7). The solution to this differentiation is

P (dBm)
BLL (18-18)

— -3 10
AD'SL(V/dBm) =023 x10 KSL 10

The voltage gains for the diode illustrated in Figure 1B-1 are, assuming
Ppp(dBm) = —30dBm and Kg;, = 350,

-30
3 = (1B 19)
AL V/IV) = (3.16 x 107%)(350) 10 = 0.035 V/V
-30
3 Ty e (1B-20)
AL (VABm) = 0.23 x 107%)(350) 10 = 80.5 x 10" % VidBm

Figure 1B-2 summarizes square law detector characteristics.
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b ]
! I,D(dl&ml—-“—-en(mV)
e
p / mV
KSL = P ( mW )
PD
I'p”ld“ml
_ 10 -3 v
eD—KSL(lO x 1077 (V)
- l'l,nldnnn
— 10 W
I\SL = eD(mVi 10 (mV'mW)
Py 4B
ATy o s -3 20 - -3
An'SL(\‘H-J.IG x 10 hsl.'o =5 x10 KSLel,D(pp)
MREELY
A (VidBmi =023 x 10 3K, 10 '
DSt Rt SL

FIGURE 1B-2. Square Law Detector Summary.

Linear detector characteristics extend for input powers larger than —2
dBm for the HP 5082-2800 detector (Figure 1B-1). The output voltage may be

given as

K . /l aB-zn

entin = KLia ¥V Pen
where
eplin is in millivolts
Ppp is in milliwatts

K1.inis a linear detector constant
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Solving Equation (1B-21) for K ip,

K = _Diin (m_V) (1B-22)
Lin = VP \ mW

Ppp (mW) may be given as (Appendix 1A)

P_. . (dBm)
PD (1B-23)

- 10
l’PD(mW) =10

Substituting Equation (1B-23) into (1B-21)
- PpoptdBm) (1B-24)
KLin = el).l.in(mV) 10 »
Referring to Figure 1B-1, for Ppp = +10dBm and ey = 520 mV, K., is

- 10

— (1B-25)
K,,, = (620110 »
n

or
= (1B-26)
K o= 164

Li

The dynamic detector gain, Ap 1.in (V/V), will be found in terms of ep)(PP)

de, ..
D .
Ap gV = Lin (1B-27)
- de, (PP)
Using Appendix 1A
P_ . (dBm)
PD (1B-28)

e, PP = 06310 ¥
and substituting Equation (1B-28) into (1B-24), and solving for e,

e,=1.59 K . (PP) (mV) (1B 29)

n €ro
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The dynamic linear detector gain may now be found (remember K, is
defined in terms of ep in mV)

3 (1B-30)
ApLinVVI = 159 x 107K

Thus, for the detector characteristics illustrated in Figure 1B-1 (Ppp =
+10dBm,ep = 520V, K i, = 164)

-3 (1B-31)
AppinV/V) = 159 x 1073 (184)

or

A, l‘i“(V/V) = 0.26 (1B-32)

The dynamic linear detector gain in V/dBm, Ap 1.;n (V/dBm), can be found
by solving Equation (1B-24) for ep and then differentiating.

PPD(dBm}

(1B-33)
e, = KUnIO 2 (mV)
de
P (1B-34)
A_ .. (VdBm)=z —/mm
DL
in d PPD (dBm)
Thus,
P_..(dBa)
B¢ iy (1B-35)
_ -6 )
ADLi"(V/dBm) =116 x 10 K“nlo
and for our linear detector (Ppp = +10dBm),
10
e P (1B-36)
ADLin(VldBm) =(116 x 10" ") (164)10
or
(1B-37)

Ay i (V/ABm) = 60.16 x 1073
LN
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Figure 1B-3 summarizes linear detector characteristics.

e (22
un = VW
l'l,”\dlim |
2 3
ey = I‘i"(l() x 10 (Vi
|'P“‘d|hnr
e (Y
K,., = e,mVi10 ( poerell

. _ 3 4
AI)J.in (V:Vi = 1.59 x 10 hLin

I",Uthm!
- -6 . 20
A"‘Li"N/dBm) = 116 x 10 l\l‘.m 10

FIGURE 1B-3. Linear Detector Summary.
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Appendix 1C
STATIC REGULATION CALCULATIONS

The static regulation of AGC loops will now be given. Figure 1-2a
illustrates the basic loop configuration.

The AGC voltage is

- — ac-n
AGC=AA (E . - Ae))

The voltage will vary as the input power is changed. The change in AGC
voltage may be given as

= (1C-2)
AAGC = AAAcAvAeD

where Aep is the maximum permissible change in detector output for the

desired change in input power. Aepmay be given as

- _ (1C-3)
Ael) = €pmax ~ EDumin

ep is related to detector input power, for a square law detector, by (Appendix
1B)

Ppl)(dBm)

(1C-4)
_ 10
e, = KSL 10 (mV)
Substituting Equation (1C-4) into (1C-3),
a— LT PpD.min'4B™ acs)
Ae. = K [m 10 - 10 10
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This equation may be rewritten as

(dBm)
P, . (dBm) PD.max
PD,min 10 10
_ 10 _
e, = Ky 10 l T i‘
1o Vhemin
or
AP, (dBm)
Aen €D min 10 II
where
> - u—
Al PDSL(d Bm) = PPDmutdBm) PPD.min(dBm)

Substituting Equation (1C-7) into (1C-2) yields

A (dBm)

pPl),SL
- 10
AAGC = AvAAA:eD.min tm - l]

and solving Equation (1C-8) for APpp(dBm) gives

AAGC

AvAAAteI).m'm

AP, o (dBm) = 10 log (

Since the variable gain IF and predetector IF amplifiers are linear,

APP[).SL(dBm) = AP (dBm)

and

AP dB =101 ( AAGC 1
1 @B = 10 log { Z—2mr— +

v A" ¢ D,min
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(1C-7

(1C-8)

(1C-9)

(1C-10)

(1C-11)




The average value forep N is

e _ €D.max + €D min (1C-12)
DN ~ 2

If ep) N is adjusted in the mid-AGC range, AAGC/2 *

Al (1C-13)

AAGC
oAt 1)
AAACDN

’",_SL(dBm) = 10 Iog(

The same procedure can be used to find the static regulation for linear
detectors:

AAGC
AP, . (@Bm) = 20 log<———— +1) (1C-14)
’ A AN
Noting that
- (1C-15)
Alpn = ey
Equations (1C-13) and (1C-14) become
AAGC
AP dBm) = 10 log( 1) (1C-16)
i A Ae
A" ¢ N
and
AAGC
AP, . dBm) = 20 log | JAGC +1) (1C17)
Adin VALA ey
€

The IF output may be divided (power split) to drive two or more circuits.
Provided all circuitry is linear, the change in power-split output, AP,(dBm),
will be the same as AP (dBm).

*If the AGC voltage does not start at zero volt, AAGC/2 must be added to the voltage at
which the AGC action does start.
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Appendix 1D
AGC GAIN CALCULATION

The loop gain of the AGC loop is dependent on the AGC gain of the variable
gain IF amplifier. The AGC gain is defined as the change in IF output voltage
for a given change in AGC voltage, or (Figure 1-2).

Ae, (PP)

Aec = —m— (Pi“(dBm) )= constant

(an-n

where
Aeti(PP) = e1p max(PP) — eji min(PP)
AAGC = AGCmax ~ AGCpin
AGCpin = AGC voltage for minimum gain

AGC gy = AGC voltage for maximum gain

The IF output power is
P dBm) = X(AGC) an2)
The IF output voltage in terms of output power is (Appendix 1A)
P .(dB
L (1D.3)
e PP = 08310 *
or, substituting Equation (1D-2),
X(AGC)
e an 4

e, PP) = 06310 ®
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The change in amplifier output voltage now may be written as

X(AGC) X(AGCY |
max i (1D-5)

Ae, (PP) = 0.63 lm 2 -0 2

or

XtAGC)
XAGO max
—_—in ) 10 20

2

N — ——— e
Ae, (PP} = 0.83 (") X(AGO) .
min

-1 (1.6}

10 2

or, using Equation (1D-4) and simplifying,
XAAGC

= 20
Be, (PP) = e L (PP) (10 -1

an

The parenthetical term in Equation (1D-7) is of the general form aV’,
Expanding this exponential function,

Y In(a)
2!

¥

a' = 1+ Yina) + 3o (D8

2 ‘ Y In (a)
3!
Provided Y is small (Y < 0.5), Equation (1D-8) simplifies to

Y NP
a =1 +Yinia

Equation (1D-7) now becomes

XAAGC
Ae (PPr=e . (PP} — dn 1D (D1
1F 1F.min D

or

Ae. (PP} = 0.115 XAAGC e .. (PP) apih
I¥ [F.min
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Now Equation (1D-11) may be solved to find the AGC gain,

- (1D 12)
AAGC = 0.115Xe”.,'m.m(|’l’b
and this equation is valid, to within 10%, for
XAAGC < 0.5 (1D-13)
29
The efp min(PP) term may be replaced by e;{PP); thus,
- RHREY
A cc = 0.115Xe, (PP)
or, for eji{PP) in dBm (Appendix 1A),
L B8
Pyt (1D-15)

- -3 20
AAGC =724 x10 ° x 10
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Appendix 1E

LOOP RISE TIME CALCULATIONS

The loop rise time for the integrator AGC loop (Figure 1-2b) will now be
found. The general method will be to solve for the AGC voltage in terms of
input power. This equation can then be differentiated to find the change in
AGC voltage with change in input power.

The AGC error voltage, e, (Figure 1-2a), is zero under static conditions;
however, if the input power is increased, the error voltage will increase and
fall back toward zero as the loop nulls. This error voltage may be given as

_ A (1E-1
e, = AAe, - AE. .

The value for ep may be given as ep N, the normalized or static value, plus

Aep, the change in ¢p due to a change in input power. The static value for ep
may be given, for a square law detector, as (Appendix 1B)

P (dBm)
_PON" (1E-2)

epn = Ky 10010 (mV)
The value for Aep is

Aey, = |A} g (V/ABm)IAP (1E-3)

b (dBm)] (mV)

PD
or, from Appendix 1B (Figure 1B-2),

- (1E-4)
Ae, = 0.23 e AP, (@dB) (V)
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where
ep N = normalized detector output voltage, volts

The instantaneous detector output may now be given as

_ (1E-5)
en = epn + 0.23 en N IAPPD(dB)I
The value for APpp(dB) may be given as
- (1E-6)
APPD(dB) = PPD(dBm) - I’P”'N(dBm)
since
P @Bm = P_(dBm) + A _(dB) + A (dB) 1ED
PD T Ay PD
and (Figure 1-3)
A,,dB) = A @B) - X(AGC) (E-8)
P (dBm) = P_(dBm) + A (dB) - X.AGC) + A, (dB) (k-9
PD in o : PD
Equation (1E-5) now becomes
e, = eD.N 1+ 0.23[l’in(dBm) + Ao(dB) - X(AGO)
(IE-10)

+ APD(dB) - PPD'N(dBm'I} W

The error voltage may now be written as

e, = A‘_Aa(en’N 1+0.23 } P, (dBm) + A dB) - X(AGC)
B)- P dB _ Erer (1E-11)
+ APD(d )- PD.N( m) Y )(V)
v
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The integrator output is

e (SIA R
AGCES) = ¢ (1E-12)
RCS
Substituting Equation (1E-12) into (1E-11) and solving for AGC(S),
AGCS) = AvAAAr (eD,N 1+ 0.23| l’in(dBm) + Ao(dB) + Apn(dB)
R Ener (1E-13)
- AGC(S) - Py, (@B | — —= ) (RCS + 0.23XA A,A e )

To find the change in AGC voltage for a given change in input power,
Equation (1E-13) is differentiated with respect to P;,(dBm), giving

AAGCS)  0Z3AAAe, (E-14)
AP_(dBXS) RCS +0.23XA A.A e
in v A e DN
or
0.23A A Ae, .
A oN <

AAGCS) = ML = AP_(dB)(S) (IE 15)

RCS + 0.23XA A, A e in

Assuming a step change in input power,

AAGCLS) < 0.23 AvAAAcel).N Al’in(dBl(S) } (1E-16)
RCS + 0.23 XA A,A e )
The inverse Laplace transform of Equation (1E-186) is
AP, (dB) .
t/RC
AGCW) = ——" ’1 _exp_( ) (E17)
0.23XA A A e
The time constant for Equation (1E-17) is
RC (1K 18)

T
0.23 XA A,A e,
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The 10 to 90% rise time, t,, may be approximated as

(1E-19)
¢ = 22T
Thus
1. - 20
r,
XAV AAA:eD.N
or, since
= (1E-21)
Aepn = en
L = DS6RC (1E-22)
rSL. XA A e
vi e N
Using the same procedure, the loop rise time for the linear detector is
19.13 RC (1E.23)

v, = ————
rLlin 7 XA A e
v e N

The loop rise time for the low-pass-filter AGC loop is similar to that for the
integrator AGC loop. One main difference, however, is that the error voltage
is zero for the integrator AGC loop under static conditions, and is finite for the
low-pass-filter loop. The error voltage is small for a well-designed low-pass-
filter AGC loop,and may usually be neglected. The AGC voltage, for a square
law detector, may be given as

0.23A A Ae . i
AAGCS) = v acbN AP, (dB)(S) (1E 24)

1 +RCS +0.23XA A A e,

The AGC voltage for a step change in input power is

AAGC(S) = (1E-25)

0.23 AVAAA‘:en‘N ‘ AP, dB) l
S

RCS + 0.23 XAVAAAceI).N +1
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If
(1E-26)
0.23XA A A e, P 1
AAGC(S) = 0.23A A,A e, AP, (dB) l (E-27)
T RCS+0.23XA A A e S
v A ¢ DN

which is exactly the same equation as the integrator AGC loop, Equation (1E-
16). Thus, provided the conditions of Equation (1E-20) are met, the low-pass-
filter AGC loop has the same loop rise time as the integrator AGC loop,
Equations (1E-22) and (1E-23).
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Nomenclature

A
AAGe
Ap
Ap,Lin
ApslL
AGC
A{(dB)
Aln(
Au(dB)
App
A,

Ay

CR
CRr
CRvid
cw

dBm
dBV

€d

ERef
en
eD. Lin

conventional gain term

dynamic AGC gain

dynamic detector gain

dynamic detector gain for linear detector
dynamic detector gain for square law detector
automatic gain control

IF amplifier gain, in dB

integrator frequency dependent gain
maximum IF amplifier gain, in dB
predetector amplifier gain

video amplifier voltage gain
differencing amplifier gain

error amplifier voltage gain

capacitance

compression ratio
compression ratio of the I[F
compression ratio of the video
continuous wave

integrator or low-pass-filter loop update duty cycle
decibel referenced to 1 milliwatt
decibel referenced to 1 volt

maximum ac signal across a diode for a given gain
error

AGC reference voltage
detector output voltage
output of linear detector
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en.SL
ennN
e1{(PP)
eN
ep(PP)
€rms

ey

EW

f

fes
f:)’«UIV(LPF)
fi)d.BJ.m

f.’)d.B..SL

IMR
IF
Iy

I,
It

K

K. K2
Kiin
Ksi,
Kp1.Kp2

LG
LG(f)
LGlin
LGgu,

output of square law detector
normalized detector output voltage
peak-to-peak IF amplifier output voltage
normalized video output voltage
peak-to-peak detector input voltage

root mean squared voltage

video amplifier output voltage

electronic warfare

frequency in Hertz

conical scan frequency

low-pass-filter 3-dBV frequency response

3-dB frequency response for linear detector
3-dB frequency response for square law detector

input modulation reduction
intermediate frequency

diode forward current

diode reverse saturation current
constant current source in milliamperes

V-l

Boltzmann’s constant

logarithmic video amplifier constants
linear detector diode constant

square law detector diode constant
PIN diode constants

loop gain

frequency dependent loop gain
loop gain for linear detector

loop gain for square law detector
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LPF  low-pass filter
LS logarithmic amplifier slope, in V/dB

m  diode slope (AVy/decade of IF)
Meyn  normalized video modulation
M, output modulation
M; input modulation
MPjr  IF output modulation
MP;, IF input modulation

Pip max(dBm) maximum IF amplifier signal output power, in dBm,
for AGC action

Pii min(dBm)  minimum IF amplifier signal output power, in dBm,
for AGC action

P;,(dBm) signal input power,in dBm
Pin maxtdBm)  maximum signal input power, in dBm, for AGC action

Pin min(dBm) minimum signal input power, in dBm, for AGC action
(sometimes referred to as AGC delay)

Po,(dBm) signal output power, indBm
P,ny(dBm) normalized signal output power, in dBm
Ppp(dBm)  detector input power, indBm
PRF  pulse repetition frequency
PRI  pulse repetition interval

q electron charge

Rc  collector resistor
Rr  dcemitter resistance
RF  radio frequency
R; diode bulk resistance
rqy diode dynamic resistance
reiy PIN diode dynamic resistance
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SL

Tpulse
T,

Vg
Vr

Yace)
Zy

AAGC
AAGC
Aejp(PP)
Aen(dB)
AeN Lin(dB)

Aen sL(dB)

Aepp(PP)
Ae (PP)
APi(dB)
APiF 1in(dB)

APjF 51.(dB)

APin(dB)
APxdB)
APO.Lin(dB)

Laplacian §
square law

absolute temperature (Kelvins)
integrator or low-pass-filter time constant
integrator or low-pass-filter AGC loop update time

diode forward voltage
KT/q

slope of variable gain amplifier, dB/V
conical scan filter and sample/hold transfer function
operational amplifier feedback impedance

change in AGC voltage into IF amplifier

change in AGC voltage at error amplifier output
peak-to-peak change in IF amplifier output voltage
change in normalized video outputin dB

change in normalized video voltage, in dB, for linear
detector

change in normalized video voltage, in dB, for square
law detector

peak-to-peak change in detector input voltage
peak-to-peak change in error voltage
change in IF amplifier output power, in dB

change in IF amplifier output power, in dB, for linear
detector

change in IF amplifier output power, in dB, for square
law detector

change in input power, indB
change in output power, in dBm
change in output power, in dBm, for linear detector
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AP, s L(dB)

APpp(dB)
n

Opr

ir

Tr.Lin
Sl

¢
AVy

change in output power, in dBm, for square law
detector

compressed output variation

diode constant

conical scan plane rotation due to AGC loop
loop rise time

loop 10 to 90% rise time for linear detector

loop 10 to 90% rise time for square law detector
conical scan modulation phase shift, in degrees

diode forward voltage match necessary for a given
gain match
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Chapter 2
AUTOMATIC NOISE TRACKING LOOPS

Virtually all radar and electronic warfare systems employ a signal
threshold to start the necessary system timing process (signal sample/hold,
analog-digital conversion, etc.). The signal threshold voltage must be large
enough to prevent thresholding on noise, but not so large as to prevent
excessive loss in signal sensitivity. This chapter will discuss signal thresholds
from a basic, practical standpoint. The bibliography at the end of this chapter
lists many excellent references on signal thresholding. It is not the intent of
this chapter to be an all-encompassing thresholding tutorial, but rather a
discussion of the need for, and basic design of, an automatic signal threshold
that adjusts its voltage to keep the false alarm rate (signal crossings due to
noise) constant, despite excess noise generated in the receiver (due to changes
in gain due to automatic gain control (AGC)).

Figure 2-1 illustrates the basic configuration that will be presented. The
received signal is detected and amplified by the video amplifier. The resultant
signal and noise drive the signal threshold comparator.

The signal threshold (Vr|s) is generally set for a given false alarm rate
(FAR) in the absence of signal. The false alarm rate is dependent on
individual system requirements; however, values generally range from one
noise crossing every ten seconds (FAR = 0.1) to ten noise crossings every
second (FAR = 10).
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The signal’s threshold voltage determines the receiver’s sensitivity.*
Thus, a large threshold voltage (for a low false alarm rate) requires a large
receiver input for signal detection (thus a loss in sensitivity). Signal
sensitivity is defined here as that input signal required to give an 80% count
of the input PRF (i.e., for a PRF of 2 kHz, the 80% probability of detection
(Pd‘ m ) occurs when the pulse count is 1.6 kHz).

The video amplifier output noise (for unity receiver gain) is a function of
the detector, video amplifier noise figure, video bandwidth (By), and the video
amplif.er gain (Ay). The sensitivity obtained from such a configuration
(commonly called a crystal video receiver) can be greatly increased by
increasing the receiver gain (Appendix 2A). The video noise is independent of
receiver gain until the receiver noise into the detector becomes dominant.
Further increases in gain continue to provide an increase in sensitivity;
however, the noise at the output of the video amplifier also increases due to
increases in IF gain. Thus, the signal threshold must be increased to
maintain the required false alarm rate. Setting the signal threshold (for the
required false alarm rate) at large receiver gains results in a loss in
sensitivity and dynamic range as the receiver gain, thus, video output noise,

decreases.

Consider a receiver that has a bandwidth (BR) of 120 MHz, a noise figure of
5dB, and a video bandwidth (By) of 7.7 MHz (Appendix 2A). Figure 2-2 shows
the sensitivity (Pg|¢sm) and signal threshold voltage (Vr|s) for the signal
threshold set for a false alarm rate equal to one for several values of GR. The
sensitivity with no receiver gain is —38 dBm (with Vr set for a false alarm
rate of one). The sensitivity increases 1 dB for each dB increase in receiver
gain, as expected. The video amplifier output noise is constant for receiver
gains less than about 30 dB; however, as the gain is increased beyond this

*The bibliography at the end of this chapter contains an extensive listing of sensitivity
related material.

113




"9SM G0 = M 'HP S = «aN ZHW L'L = A ZHW uZ1 = 44 "1 = YVd ¥ 40j
(LA) Poysaay, [euBiS pue A)ANISUdS U0 UIBY) JA100Y JO 100334 3-3 AUNDIA

AW /2 = 310U suLl AW £/ = 3sSI0U SwW
'e8- = “%lpd ‘ASL'Z = LA '8P 9S = ¥ (P) 'z8- = “5klpd ‘A 1SS0 = 1A ‘8P 0S = ¥O ()

1513 400

AW £ = ISIOU sw) AW EE = 3sSIOu swi
'29- = Y8Plpd '8e- = “8Blpd ‘AZ9L'0 = 1A
‘NEIL'O = IA'BPSZ = ¥D (q) (19A1333y 09pIA |€IsAID) 0 = ¥ (e)

97" (29 Am0S

114




value, the video noise increases, necessitating an increase in VT to keep a
unity false alarm rate (Figures 2-2¢ - ad 2-2d). The loss in dynamic range may
be given, for a square law detector (Appendix 1B), as (Appendix 2A, Equation
(2A-19))

A
\4
bR Loss 10 Lo T|g (2-1)
= g
dBm v Go
Tls
where
loss P .
DR| ;g = lossininputdynamicrange

VTl g signal threshold needed for required false alarm rate ata

particular receiver gain

VT\ ‘S“° = signal threshold needed for required false alarm rate for

no receiver gain

Thus, setting V7ls at the maximum expected receiver gain results in a
significant loss in input dynamic range as the receiver gain is decreased.

Figure 2-3 shows the signal sensitivity for two fixed thresholds: (1) Vyls =
2.15, the value necessary for a false alarm rate of one for a receiver gain of 56
dB, and (2) V1|s = 0.551, the value necessary for a false alarm rate of one for a
receiver gain of 50 dB. The loss in input dynamic range due to Vis will now
be found.

A. Signal threshold voltage (V|s) set for a false alarm rate of one at a
receiver gain of 56 dB is 2.15 volts (Figure 2-2d). The measured sensitivity
(for Gg = 0) for this threshold setting is —26 dBm (Figure 2-3a). The
optimum sensitivity for V1|s = 0.162 is —38 dBm (Figure 2-2a). Thus, there
is a loss in input dynamic range (and sensitivity) of

Loss

DR = -26-(-38) = 12dB 2-2)
dBm
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8% = -26
Pd

(a) Gs] = 0, Vrls = 2.15V (see Figure 2-2d),
dBm ‘

(b)Gj = 0, Vs = 0.551V (see Figure 2-2¢),

0% = -32

d; dBm

FIGURE 2-3. Effect of V|s on Sensitivity.
Br = 120 MHz By = 7.7 MHz,NFg = 5dB,
PW = 0.5 psec.

P
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The predicted loss in input dynamic range is (Equation (2-1))

Loss

2.51
DR = 10Log —— = 11.3 2-3)
dBm 0.162

B. Signal threshold voltage set for a false alarm rate of one at a receiver
gain of 50 dB is 0.551 volt (Figure 2-2¢). The measured sensitivity (for Gr = 0
dB) for this threshold setting is —32 dBm (Figure 2-3b). The optimum
sensitivity for Vp|s = 0.162 is —38 dBm (Figure 2-2a). Thus the loss in input
dynamic range is

Loss (2-4)
DR = -32-(-38) = 6dB

dBm

The predicted loss is (Equation (2-1))
Loss
0.551 .

DR = 10Log —— = 5.3dB (2-5)

dBm 0.162

which also is in excellent agreement with the 6-dB measured value.

Figure 2-4 shows the increase in sensitivity and loss in input dynamic
range as a function of receiver gain.

Figure 2-5 shows the increase in false alarm rate with increased receiver
gain for a signal threshold of 0.162 volt (Figure 2-2a). It is obvious that for
receiver gains in excess of about 40 dB, the false alarm rate increase is
intolerable. The system engineer must make a decision about decreasing
receiver gain and losing sensitivity, or increasing the signal threshold and
losing dynamic range. What to do?

If a radar or EW system requires the maximum sensitivity available, and
the loss in input dynamic range accompanying a fixed signal threshold cannot
be tolerated, a noise riding threshold may be the only solution.
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INCREASE IN RMS NOISE, dBV
LOSS IN INSTANTANEOUS DYNAMIC RANGE, dB

80% PROBABILITY OF DETECTION, dB

0 10 20 30 40 50 60
RECEIVER GAIN, dB

FIGURE 2-4. Effect of Receiver Gain on Sensitivity

and Dynamic Range. Br = 120 MHz, By = 7.7 MHz,
NFgr = 5§dB, PW = 0.5 psec, rms noise (gain < 30 dB)
=35mV,FAR = 1.

One method to obtain a noise riding threshold is illustrated in Figure 2-6.
Circuit operation is straightforward: the noise comparator is triggered for
noise voltages greater than the noise threshold voltage (V1|N). The noise
comparator output triggers the noise one-shot (to ensure reliable triggering of
the noise counter). The resultant noise is counted (provided no signal is
present) during the counter enable time (T¢) and digitally converted to an
analog voltage (DAC). The DAC analog voltage (which is controlled by the
noise count during the noise counter enable time) is compared with a
reference voltage (— VRer) and the resulting error voltage (V) is

DAC Ref (2-6)
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FIGURE 2-5. Increase in False Alarm
Rate with Receiver Gain for V1 = 0.162,
Br = 200 MHz, By = 7.7 MHz, NFRr = 5dB,
PW = 0.5 psec.

which is integrated during the noise integrator enable time (Ty). The noise
threshold loop, via feedback, ensures that the noise integrator input voltage
(V) isdriven to zero. Since there is only one DAC input (noise count) that will
ensure VpAC = VRef, the noise comparator output count is constantly
independent of input noise amplitude. The noise threshold voltage (Vr|n) is
increased by the signal threshold amplifier (Ay|st). The larger the signal
threshold amplifier gain, the larger the signal threshold voltage; thus, the
lower the signal comparator false alarm rate. To ensure that the noise count
is insensitive to the input signal, the noise counter is disabled via the signal
threshold comparator. The signal comparator one-shot ensures that the first
signal threshold crossing determines the sensitivity. Without this one-shot
(or similar digital element), a threshold count well in excess of the input PRF
will be obtained for large receiver gains (thus large noise) as illustrated in
Figure 2-7.
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} Vrls
{a) NOISY SIGNAL INPUT
(b) SIGNAL COMPARATOR OUTPUT (MULTIPLE
TRIGGERS DUE TO NOISE ON PULSE)
{c) SIGNAL COMPARATOR ONE-SHOT OUTPUT
—— —

FIGURE 2-7. Excessive Sensitivity Count
and Realistic Count for Noisy Signals.

Appendix 2A shows that for a noise count (false alarm rate) of 250 kHz, the
threshold voltage is reasonably insensitive to receiver gain, and this value
will be used for the normalized noise threshold count in Figure 2-6. The noise
count is only enabled for time, T¢ (Figure 2-6), since a count of 250 kHz would
require an excessively large DAC. Equation (2-7) presents the relationship
between the desired normalized noise threshold count (FARN), counter enable
time (T¢), and normalized noise count (N)

. . 3 @n
N = II-‘ARN (in kHz2)} [’l‘C (in psec)] x 10

or

N x 10° (2-8)

T se¢) = —mm8mM8
c® FAR, (in kH2)
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where
N = normalized noise counter count for a
Tc = DAC enable time (in psec) fora

FARN normalized noise threshold count (in kHz).

Assume the following:

3
FAR_ = 250 kH N=8 T.mseer= -1 _ap (2:9)
- . = 8, = = ¢ eC
N % c ST = 550 (kHz) Hs

The noise integrator update time (T|) should be as small as practical to
ensure that the noise riding threshold can track noise changes due to changes
in receiver gain. A value of T = T¢ will be used for the example to follow.

The noise riding threshold illustrated in Figure 2-6 will be designed for
receiver/detector video amplifier characteristics illustrated in Figures 2-2, 2-
3,2-4, and 2-5.

Design characteristics:

I"ARN = 250 kHz N=8 ’l‘C = 32 psec 'l‘l = Tc = 32 usec

Figure 2-8 illustrates the functional noise riding threshold schematic. The
three least significant bits for the DAC are grounded and only the four most
significant bits are used. The DACO8 has a current output and the voltage
integrator error (Figure 2-6) may be represented as shown in Figure 2-9. The
noise counter and DAC (Figure 2-7) are configured such that a noise count of
eight in 32 psec (see Equation (2-8)) is obtained. Table 2-1 gives V, as a
function of noise counts, N. Thus, as the noise count is increased (N > 8), the
effective noise integrator error voltage (V,) becomes negative, increasing the
noise threshold voltage, and thus decreasing N and driving V, to zero. The
signal threshold amplifier (Ay|sT) increases the noise threshold voltage and
adjusts for the desired maximum false alarm rate.

T A

St

v, | = (a,

Tl ) (2-10)

N
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A —

v /\/ -
€ Vv
h——— T
V, . In
Ve = Vee — IR "

a) DAC OuUTPUT b) THEVENIN EQUIVALENT OF a.

FIGURE 2-9. DAC Output Voltage.

TABLE 2-1. Noise Error Voltage, Ve,
as a Function of N.

‘il N DAC input Ve

} 0 0000 Vee

i 8 1000 0

| 15 1111 =Veoe — IRerR
F = - Vee

: IRef = VCO/RRer

Diodes Dy and D3 comprise a lower noise threshnld elamp to prevent the
noise riding threshold from attempting to lock on negative noise crossings.

Figures 2-10, 2-11, and 2-12 illustrate the measured results. The signal
threshold amplifier determines the maximum signal false alarm rate and the
results of three values of Ay|sT gain are shown.
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A. Figure 2-10 gives the sensitivity (Py4 m) as a function of receiver gain.
As can be seen, the data compare quite well with the manually adjusted signal

threshold data of Figure 2-4.

-90 7
/
-0 Vrls = 325 Vq|y

Vrls = 35 Vrly

!
=)
=]

|
o
o

Vrls = 375 Vqly

SENSITIVITY (80% PROBABILITY OF DETECTION), dBm
A
)

_30 1 1 I 1 ]
0 10 20 30 40 50

RECEIVER GAIN, dB

FIGURE 2-10. Sensitivity as a Function of Receiver Gain
and Signa! Threshold Amplifier Gain.
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B. Figure 2-11a shows the noise count as a function of receiver gain, and it
is quite insensitive to changes in receiver gain (input noise). Figure 2-11b
shows the signal false alarm rate for three values of Ay(sr. Increasing Ay(st
decreases the FAR at the expense of sensitivity (Figure 2-10).

z
S 500,000
8
w 300,000 . . .
%]
O 200,000
z
(a) signal False Alarm Rate as a Function of Receiver Gain.
10
7 -
[}

Vrls = 3.25 V|

N
|

Vils = 35 Vq|n

SIGNAL FALSE ALARM RATE

l
) 10 20 30 40 50 60
RECEIVER GAIN, dB

{b) Noise Threshold Count as a Function of Receiver Gain.

FIGURE 2-11. Signal False Alarm Rate and Noise Threshold Count
as Functions of Receiver Gain.

126




C. Figure 2-12 shows the signal threshold and noise threshold voltages as
a function of receiver gain.

5.0

3.0

0.7

0.5

03 Vrls = 325 Vq|y

THRESHOLD VOLTAGE, VOLTS

0.1 T |
0 10 20 30 40 50 60
RECEIVER GAIN, dB

FIGURE 2-12. Threshold Voltages as a Function of Receiver Gain.

A basic model to determine loop closure time for a change in video noise
(due to changes in receiver gain) is presented in Figure 2-13. The false alarm
rate is modeled as a voltage controlled oscillator having an output frequency
that is the normalized false alarm rate (250 kHz for our design example). The
oscillator has a slope of

FAR
F Voit
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INTEGRATOR UPDATE
T
|

S¢ Spac l
() FAR/VOLT VOLT/BIT A

NORMALIZED FAR

FIGURE 2-13. Basic Noise Riding Threshold Feedback Model.

and is a nonlinear function of voltage (see Figures 2A-9, 2A-11, 2A-13, and
2A-16). Figure 2-14 illustrates false alarm rate as a function of threshold
voltage (see Figure 2A-9). At large false alarm rate values (greater than
1,000) the curves can be approximated as

FAR = aexp(—-n\ﬂl) 21n
where
212
a = FAR(forV, = 0) 212
1
n:(—)lln( a ) (2 13)
VT FAR
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and

FAR )
Volt

S, = = - anexpl{-n V,',h (

(2-14)

(2-15)

Table 2-2 summarizes the results of Equations (2-11) to (2-15) for the

curves of Figure 2-14.

TABLE 2-2, FAR Results from Figure 2-14.

; a n FAR Vr(FAR = | Sp(FAR =
' Curve | (Equation |(Equation| (Egquation (2E50ul;€il(z); 35?):3}:;
(2-12)) (2-13)) (2-11)) e oy
A 100 X 106 46 100 X 106 0.13 —-11x 106
exp — 46V Hz/volt
. B 200 X 106 17 200 X 106 0.39 —4 X 106
f exp —17 V7 Hz/volt
C 100 X 106 8.2 100 X 106 0.73 =31 X 103
: exp — 8.2 VTJ Hz/volt
The loop closure time will now be found for Figure 2-13.
The loop gain (LG} is
CYRT N |
¥ DAC 218y
LG =
G 2uf RC
where

D = integrator update duty cycle (see Equation (1-94))
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1,000,000 [v
100,000 |-
10,000 |-
1,000 |-

100 p=

10

FALSE ALARM RATE

0.5 1.0 1.5 2.0
THRESHOLD VOLTAGE (Vy), VOLTS

FIGURE 2-14 (see Figure 2A-9). FAR Versus Threshold
Voltage. Bg = 120 MHz, By = 7.7 MHz, NFR = 6.

The loop transfer function is

Vb LG(S)
T = { = H(S) (2~‘7)
viH 1 + LGS

substituting Equation (2-16) into (2-17) and simplifying

1SS, D (2-18)

1+)
2n RC

H(S) =

The 3-dB bandwidth may be given as

_ SeSpacP 219)
WB T 23 RC
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and the loop rise time may be given as
R (2-20)

or, upon substituting Equation (2-19) into (2-20),

. _22RC 221

SFSDAC D

and then using the parameters of the design example (Figure 2-7),

R=121kQ C=1yF D =05

The DAC scale factor, Spac, may be approximated as (Table 2-1)

2Vee (2-22)

S ==
DAC N(max)

or

24

Spac = 15

= 1.6 Volts/bit (2-23)
and Sy is obtained from Table 2-2.
The loop routine (for a receiver gain of 45dB)is

2.2012.1 x 1091 x 1079 o
L= s = 83x10
@ x 109(1.6)(0.5)

(2-24)

To say the least, this predicted loop rise time is ridiculously fast. A much
more realistic approach is to assume that the DAC is hard limited for any
increage or decrease in false alarm rate (V. = Vcc for FAR < 250 kHz and V¢
~ ~Vgc for FAR > 250 kHz). This is a most reasonable assumption as the
noise riding threshold of Figure 2-7 is only counting 15 noise crossings out of
250,000 (in fact, the statistical nature of the noise ensures that V¢ (Figure 2-9)
will toggle between £Vce, with an average value of zero, for a constant input
noise and the loop nulled). Since the DAC is limited, the integrator has a
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constant slew rate for increasing or decreasing input noise. Thus, the change
in integrator output voltage may be given as

Av VP (2-25)

at = RC

or for the circuit of Figure 2-7

AV 12 (0.5)
- = = 495 Volt/sec (2-26)
At 21 x 1000 x 1076
or
AV
_A? = 0.495 Volt/sec (2-27)

Referring to Figure 2-14, the threshold voltage difference (fora FAR = 250
kHz) is 0.6 volt as the gain is changed from 50 dB (Figure 2-2(c)) to 0 dB
(Figure 2-2(a)). Thus the expected loop closure time is (Equation (2-27))

AY

At = —— (2-28)
0.495
or
0.6
At = —— = 1.2 msec (2-29)
0.495

which is quite close to the measured value shown in Figure 2-15.

The noise riding threshold technique presented is intended only as a
starting point. There are many concepts that will achieve automatic signal
thresholding and they are limited only by the originality of the designer.

Achieving the optimum sensitivity that can be obtained for a given
receiver configuration may necessitate a noise riding threshold if excessive
loss in dynamic range is to be avoided. The system engineer must take a close
look at system requirements to justify the need for the system level
complications of a noise riding threshold.
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FIGURE 2-15. Noise Riding Threshold Closure Time.
Top trace: video noise (0.5 V/div); bottom trace: noise
threshold (0.5 V/div); horizontal time, 2 msec/div.
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Appendix 2A

THE EFFECT OF RECEIVER GAIN
ON SIGNAL SENSITIVITY AND NOISE

Introducing receiver gain prior to signal detection increases signal
sensitivity; however, the video noise increases as the receiver gain is
increased beyond a certain point. This increase in noise may well necessitate
the need for a noise riding threshold. This appendix presents a basic
discussion of signal sensitivity and increased video noise as a function of
receiver gain, receiver bandwidth, and video bandwidth, and is based on (1]
and [2].

Background

Figure 2A-1 illustrates the basic configuration that will be discussed. The
main restrictions that apply for the theory to be presented are (1) the detector
is operated in the square law region (Appendix 1B), and (2) the receiver
bandwidth (BR) is at least twice the video bandwidth (By) (see Appendix 2B
for Bg = By).

The RF/IF variable gain amplifier amplifies and limits the bandwidth (BR)
of the incoming signal. The resulting signal (and noise) drives the square law
detector and video amplifier (see Figure 2A-2 for a brief summary of square
law detectors). The resulting signal and noise drives a comparator. If the
detected video signal is greater than the signal threshold voltage (V1lg), the
comparator is triggered. A practical method of determining the relationships
of the factors that determine signal threshold triggering will be presented.
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FIGURE 2A-2. Square Law Detector Summary.
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Maximum Tangential Sensitivity and Optimum Maximum RF Gain

If the RF/IF receiver is removed, the input signal (Pip|dBm) drives the
detector directly. An excellent “goodness” factor for the sensitivity of this
configuration is the tangential sensitivity, Tss. Tangential sensitivity
represents a signal-to-noise power ratio of 6.31 (8 dB) at the videoc amplifier
output, and refers to the condition in which the signal plus noise waveform (on
an oscilloscope) protrudes above the noise baseline such that the bottom edge
of the combined terms just touches the top edge of the baseline noise as shown
in Figure 2A-3. Figure 2A-4 summarizes the measurement technique for
determining Tsgs. [3]

FIGURE 2A-3. Tangential Signal.
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B UNVERTED CHANNEL!}

SQUARE LAW VIDEO Mm
RECEIVER DETECTOR AMPLIFIER
i

DUAL -TRACE OSCILLOSCOPE INVERT
CHANNEL B AND POSITION AS SHOWN

2V NOISE (RMS)

A— ;
« M .

DECREASE THE INPUT POWER AND INCREASE THE INPUT POWER UNTIL
BRING THE TWO TRACES TOGETHER THE DARK BAND JUST APPEARS
UNTIL THE DARK BAND BETWEEN BETWEEN THE PULSES

THEM JUST DISAPPEARS

INCREASE THE INPUT POWER 1 dB THE
RESULT IS THE TANGENTIAL SENSITIVITY
(CHANNEL A},

FIGURE 2A-4. Tangential Sensitivity Measurement [2].
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Tangential sensitivity depends on the noise figure* of the amplifier
following the detector, the video 3-dB bandwidth, and the detector
characteristics. The Tsgin dBm, Tss|dym, may be given as [3,4]

o Ny ,du 2A 1)
Ty = -85+ 5 Log By + ——— 10 Log M
dBm

where

By video 3-dB bandwidth in MHz

M

detector con=tant (see Figure 2A-2)

NFylgs = video amplifier noise figure (10 Log Fy)

GO = receiver gain = 0dB.

Equation (2A-1) accurately predicts the Tgg for a given configuration and
is an excellent comparison factor for crystal video receivers (provided By is

specified along with Tgsg).

The detector "effective” input signal-to-noise ratio for a Tss condition is 4
dB (remember the detector is square law, Figure 1A-2 and Appendix 1B).

Thus the “effective” noise appearing at the detector’s input is**
Go

Go
(2A 2)

D ]

dBm dBm

*Noise figure will be defined in dB (NF|4p) while noise factor will be a power ratio.
Thus, NF|gg = 10 Log F.

*+I'or small gains the actual detector input neise is much less (Nplggm = — 114 + 10
Log Br + Gglag). Asthe receiver gain is increased, Nplgnm is increased. When this noise
power exceeds the “cffective” noise power of Equation (2A-2), the receiver noise dominates.
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and this is termed the gain-limited tangential sensitivity. If receiver gain is
provided (and this gain is not sufficient to supply noise in excess of that
defined by Equation (2A-2)), the detector input signal-to-noise ratio will
increase 1 dB for each dB increase in gain (increasing the detector-video
amplifier output signal-to-noise ratio at twice the rate of increased gain). If
the receiver gain is excessively large, the noise contributed by the receiver
becomes the dominant issue, and any further increase in gain results in no
increase in sensitivity, but rather an equal increase of signal and noise at the
input to the detector. This is termed “noise-limiting” (Tssl r;,:,) and is the best
that can be obtained for a given configuration. Figure 2A-5 illustrates the
effect of receiver gain on Tgg (the configuration of Figure 2A-1 is used). The
Tgs for no gain (gain-limited Tgg) is ~41 dBm. As the gain is increased, the
video noise remains constant (and Tss increases 1 dB for each dB increase in
gain) until the gain approaches 45 dB (Figure 2A-5d, and note the change in
voltage scale factor). Asthe gain is increased above 45 dB (Figure 2A-5e and
f), the video noise increases and littie improvement in Tsg is gained (this is the
noise-limited Tgg rﬂ":‘) The obvious questions now are (1) what is the noise-
limited Tss and (2) how much receiver gain is needed to achieve this noise-
limited Tss? These two questions will now be answered.

The only assumption that will be made for the following analysis is that Bg
= 2 By. Lucas [4] presented an excellent analytic discussion on this subject;
however, his equations are most difficult to use. Tsui [3] has extended Lucas’
results to a more practical conclusion. The equation for TSS‘ S; (this is the
Tgs for a given receiver gain, GR) may be given as (see Appendix 2B for
derivation of the equations to follow)
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(b)

() td)

() o (f)

FIGURY 2A.5. Effect of Receiver Gain on Tgg and Output Noise,
(BR = 40 MHz, NFRlap = 5, By = 7.7 MH2).
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— "

T GR = 114 + NF 1
551 4Bm Ran
T ‘Go 110 (2A-3)
o + ¢ -
85| aBm 2
10 10

+10Log |6.31B, +2.5 V 2B,B, - B, %)+ —
GgFy)

where
NFRrldgs = receiver total noise figure in dB
By = video 3-dB bandwidth in MHz
Br = receiver 3-dB bandwidth in MHz
GRr = total receiver gain (power ratio)

Fr = total receiver noise factor (power ratio, remember
NFgrigs = 10 Log Fr)

Tss c(!;l?m = Tgg for detector-video amplifier with no receiver gain
Two limiting cases of Equation (A-3) will now be discussed.

Case 1: GRFR small (gain-limited sensitivity), or the right-hand term of
the square root term much greater than the left. This is not obvious at first
glance; however, consider the receiver parameters shown in Figure 2A-5:

Br = 40 (MHz2)
By = 7.7(MHz)
NFRlap = 5dB
Qo .
Tss| asm = —41dBm (see Figure 2A-5a)

143




The left term of the square root term is

2 2 (2A-4)
2BRBV - BV = 240)(7.7) - (1.7Y° = 556.7
The right term is (if GRFr = 1)
Tss\dBm + 10 - (2A-5)
(m 10 )’ = (10 10 }2 = 63.1 x 102
Thus, neglecting the left term (Equation (2A-5)) is quite valid.
Equation (2A-3) may now be written as
G o (2A-6)
R
'll = T -G ’
58 dBm 88 dBm R dB

Equation (2A-6) is most important, as it shows that increasing the gain
increases the Tsg by the same amount, Figure 2A-5 shows that the Tgs with
no gain is Tsg dcgm = ~41. If 20 dB of receiver gain is added, the expected
sensitivity is

(2A-T

L

S8 = -41 - 20 = -61dBm

dBm

and this agrees well with the measured value of —62 dBm (Figure 2A-5b).

The maximum sensitivity is obtained when GRrFg in Equation (2A-3) is
increased such that the left term in the square root is dominant.
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Case 2: GRFpR large, noise-limited sensitivity (2BgBy — By2 much
greater than the term to the right). Equation (2A-3) may be given as
(Appendix 2B)

Max

Ty

= —|I4+NI-‘R‘ + 10 Log B,
dB

/B
+ 10 Log l6.3l+2.5 28—“ —nl (2A-8)
\/

and the maximum Tsg is not only dependent on the receiver noise figure, but
upon the video bandwidth and the ratio of receiver to video bandwidth.

dBm

Again referring to the parameters of Figure 2A-5, we find that the
maximum sensitivity expected is

Max
'1‘ss = ~114 + 5 + 10Log7.7
dBm
/ 40
+ 10Log {6.31 + 2.5 2(;) -1 (2A-9)
or
Max (2A-10)
T = -88.7dBm
58 dBm

and this agrees quite well with the measured value of 88 dBm (Figure 2A-50),

Later in this appendix we will discuss thresholding, and will find that
increasing the receiver gain when the system is noise-limited reduces the
instantaneous signal dynamic range at the detector output; thus, it is most
worthwhile to find the maximum practical receiver gain. There is no pat
answer as to the maximum practical receiver gain; however (as is shown in
Appendix 2B), if Grisincreased (Equation 2A-3) such that
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Go
Tssl = o\ 2
'dim (2A-11)
. 10 10

2BRBV - B, =

the sensitivity obtained is within 1.5 dBm of that predicted by Equation (2A-
8). solving Equation (2A-11) forG | ;‘;’

Mazx Go , -
Gu| =10+ Ty| - NF‘R‘dB -lomg(\/;gngv—.gv) (2A-12a)
or
Max Go
G, w 110 + Tss’dBm - NF, . 10 Log B,

B (2A-12b)
R
—lOLog( 2 — -l)
B,

Appendix 2B illustrates this is quite close to the gain that increases the
video rms noise by a factor of two over that with no receiver gain. When, in
the discussions to follow, the measured value of Gy :’B‘“is mentioned, it will be
that receiver gain that increases the video noise by a factor of two.

The maximum predicted gain for the parameters previously discussed
(Figure 2A-5) is

Max

G, =110 - 41 - 5 - 10 Log (\/ 2(40X7.7) - (7.7)2) (2A-13)

dB

or

Max (2A-14)

G = 50.3dB

R

dB

The measured value for G, | dMB“was 49.5 dB, which gives a Tsg|¢gm within 1.5
dBm of the maximum as predicted from the theory.
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Several receiver configuration results are given in Table 2A-1; a plot of
TssldBm versus GRrlgB is given in Figure 2A-6. As will be seen, the predicted
and measured results are quite close. Figure 2A-7 is a summary of the theory
presented thus far. Applying this theory to the more useful area of
thresholding will be presented shortly; however, it is worthwhile to discuss
how the material presented relates to the work of others.

It will be seen from Figure 2A-5e that the noise riding on the pulse is
greater than the baseline noise. This condition is predicted by Lucas (4], and
the situation becomes more pronounced as Br/By decreases. Figure 2A-8
shows Tssl d";;; for a receiver with By/By = 80, and as can be seen, the noise
riding on the pulse is indeed nearly equal to the standing noise. This situation
is inconsequential, however, as Lucas shows that Tss[ ;‘B“; is fairly

independent (0.5 dBm or so) of this “excess” noise.

Ayer [5] was one of the first to present a coherent discussion of detector-
video amplifiers preceded by RF (or IF) amplification. His work is a
pioneering effort, and he defines an “effective bandwidth,” B, as

8 -vVone —p2 (2A-15)
= VBB, -8B

v
This is based on the assumption that Br/By is quite large, which is often not
the case. Many subsequent authors neglected this assumption, and one can

frnﬂ; Referring to Equation (2A-12),
we see that our predicted maximum gain is a function of Ayer’s By; however,
Tss] M (Fquation 2A-8) is not a direct function of B,. Appendix 2B shows
that, if By/By > 50 (for Br/By = 50 the error using B, is 0.98 dBm), Tss| 42
may be approximated as

have serious errors in the predicted Tsg

Max
= -110 + NFR + 10 log B (forBR/B > 50)
dBm a8 € €

, 2A 16)
Tys
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~100 — G MAX
(EQ A-1
Rlde 2 By = 40 MH:
NF - 5 a8
Bn = 120 MHz
F=6d8
—%0 F BR = 40 MHz
pre— | F = 5 dB
R 120 MKz
NF = 6 d8

MAX
Galgs (EQ A12)

-70

TANGENTIA E
NGEN L SENSITIVITY, TSS'dB

-50

—40

RECEIVER GAIN, Gglas

FIGURE 2A-6. Tangential Sensitivity Versus Gain.

which is the same as predicted by Ayer (provided one adds +4 dB to his
equation to account for the 4-dB signal-to-noise ratio at the detector input for
a Tsg condition).
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MAX B,
Teslgm - - 114 + NFofg + 10 LOG By + 10 LOG ( 631 + 2.5,/2_8_. -1

v

ERROR < 1.5 dBm
MAX

dBm

NOISE LIMITED Tss‘

GAIN LIMITED

TSS‘ dBm
~
B

ool e * Tesl o2
ssloBm = Tssiagm ~ Cmlaem

So
dBm

" Tss

Sglas

. lMAX Gg Vs
rlas = "0 * TsslgBm — NFrlag - 10 LOG( 88, -8,

v
[~}
MAX o+ !GO ° 0G B / By
GR =N Teslaam - NFrlag - 10 LOG By - 10 LOG V2 I _ 4
dBm B\/

FIGURE 2A-7. Summary of I'ss and Gmax Equations.

Basic Thresholding

Tgsldgm is a reasonable parameter to compare receiver-detector-video
amplifiers with similar Bg and By; however, the real world of electronic
warfare and radar requires a threshold to be exceeded to indicate the presence
of a signal. The effect of B, By, and Gg on this threshold will now be
presented.
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FIGURE 2A-8. Tss| = for Br/By = 80.

Figure 2A-1 illustrates the general configuration to be presented. The
detector-video amplifier drives a threshold comparator as shown. With no
signal present, if signal threshold voltage, V1ls. is too low, noise due to the
receiver-detector-video amplifier will trigger the threshold, giving a large
noise-count termed false-alarm rate (FAR). As V7lg is increased, this false
signal count decreases. We will be concerned with the threshold voltage that
gives a FAR count of one per second (FAR = 1). Figure 2A-9 illustrates the
FAR count versus Vr|g as the receiver gain of Figure 2A-1 is varied (this is the
same configuration used for Table 2A-1). Several observations concerning
Figure 2A-9 should be noted:

1. Foragiven gain, FAR is a strong function of Vs,

2. The FAR curves are a function of Gg|qr. This is to be expected at large
gains (GR :‘B“) since the receiver is contributing noise.
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FIGURE 2A.9. False Alarm Rate Versus Vs
(BrR = 120 MHz, By = 7.7 MHz, NFRlag = 6).
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3. For receiver gains less than 45 dB (le r,;' = 47.8, from Table 2A-1),

the FAR (log scale) curves versus V|s are fairly linear.

4. For receiver gain in excess of GR‘ :‘B"‘ , the threshold voltage necessary
to give FAR = 1 becomes excessive.

Item 4 is most important in receiver systems employing variable gain. If
Vlg is set for 0.4 volt (FAR = 1 for Gg (dB) = 0 dB), the FAR will be 100,000
if the gain is increased to 45 dB. This is obviously an unreasonable situation.
One obvious solution would be to set Vq|s = 1 volt, which gives FAR = 1 for a
gain of 45 dB. However, as the gain is decreased (decreasing the noise), only
0.4 volt of V|sis needed. Obviously, the FAR for 0-dB gain and V7|g = 1 volt
is quite low (one count every 15 minutes or so); however, the input signal to
the comparator must increase to 1 volt (rather than 0.4 volt) to trigger the
threshold. Thus a loss in detector output dynamic range occurs. This loss in
output dynamic range, referred to the input of the square law detector, may be
given as

A
Loss V’r S

D = 10 Log (2A-17)
R dBm v B
Tls

signal threshold for gain B (FAR = 1)

VT' Q = signal threshold for gain A (FAR = 1)
B
s

As an example (refer to Figure 2A-9), the threshold for a gain of 50 dB is 2
volts, and for a gain of 0 dB is 0.4 volt. The loss in dynamic range is

Loss

2
D, = 10Lbog — = 7dB (2A-18)
dBra 0.4

or if the threshold is fixed at 2 voits and the gain is decreased to 0 dB, the
receiver input must be increased 7 dBm to exceed the 2-volt threshold.
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Reasonable Criterion for Signal Sensitivity

You are probably wondering at this point what criterion should be used to
determine if a signal is present: A threshold crossing for all pulses? 50%? Or
what? We will use the 80% probability of detection (P4|80%) criterion--80% of
the signal pulse repetition frequency (PRF) will trigger the signal threshold
(for a PRF of 2 kHz, a count of 1.6 kHz is the 80% P4|80%). Figure 2A-10 shows
the 80% probability of detection sensitivity (Pdlm, ), as a function of receiver
gain, for a FAR = 1 (with no signal, V1ls is increased until FAR = 1; then the
signal is increased until an 80% signal count is obtained). A plot of Tsgis also
given, and it should be noted that Pdl;;:, is between 1 and 2 dBm lower than
TsslaBm. The loss in instantaneous dynamic range, Dg| ;‘:; (Equation (2A-
17)) and the rms video noise are also shown. the important point here is that
for receiver gains larger than Gnlrﬂ“; , the video noise increases, necessitating

an increase in Vr|s (to keep FAR = 1), thus increasing Dg| dl‘.js; . A reasonable

loss

estimate in the loss in Dg| g,

for gains in excess of Gg| ;‘B"; is

Loss Max

(2A 19)

DR + 6

dBun: dBm

Figures A-11 through A-16 illustrate FAR versus Vg and Pdlm for the
receiver parameters given in Table 2A-1. It is interesting to note that Py| m
for large receiver gains is within 1 dBm of the measured Tsslg‘;;. At lower
gains (gain-limited sensitivity), the difference between Tsslm] is between 2
and 3 dB.

Table 2A-2 is a summary of the data taken for the receivers presented.
Several important observations should be noted:

1. Py| m measured at G| :'B“ is within 1 dBm of the maximum possible.
2. Pdm} maximum is within 2 dB of the maximum tangential sensitivity.

3. The loss in dynamic range is approximately 6 dB for Gg| rB“.
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Thus, from a practical standpoint, the 80% probability of detection
sensitivity (FAR = 1) may be approximated as
| 80%

P =T
d dBm

Max
-9 (2A 20)

5% 4Bm

and the maximum gain for this sensitivity is equal to the maximum gain
obtained from Equation (2A-12).
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Appendix 2B

GR )
DERIVATIONS OF Tss| S, Tyg| o,
AND GR‘ Max EQUATIONS

Tsui solves Lucas’ Tss equation as (for Br > 2By)

T ‘ = -114 + NF ]
551 gBm LTS
AB
v 28,
+ 10 Log l 6.31B, + 2.5 \/(;RBV -85+ - (2B-1
GyFp)
where
4F, R
v - ~
A=z —2 x107° (2B-2)
KTKSL
and

Ry = detector video resistance
T = temperature in degrees Kelvin
Kgi, = detectors square law KinmV/mW
Fy = video amplifier noise factor

K

Boltzmann's constant (1.38 X 10-23 J/*K)

If GRFr = 1, ABy is found to be » 2BrBy — BvZ, and Equation 2B-1 may be

solved for A
Go
Tss‘ + no\?
dBm (2B-3)
10 10
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Limiting Case 1, ABy/(GRFRr)2 > (2BrBy — By?2)*

AB
l‘] = -114 + NF
551 4Bm R

v ) (2B-4)

+ 10 Log (2.5 —
(GeFy)

dBm

Substituting Equation (2B-3) for A

T‘,‘ + 110 2 (2B-5)
58 dBm
= —110 +\10 Log <10—————) -GR

-

dBm

or

Go (2B-6)

'l‘.='l‘ss‘ -G

58 dBm R l

dB

Limiting Case 2, (2BgBy — By2) » ABy/AGrFgr)?

Max ——
T, = -114 + NF ’ +10Log |6.318,. +25 V2B B -B.2| 12B7
SS 1 akm ®1an N RTVW
or
Mex ( Y (BR ) (28 )
T, = 14 +NF, | +10Log B{6.31+25V2(—)-1
S8 dBm R dB A B\' )

Many authors neglect the 6.31 By term in the equation. This assumption,
valid only if Bg > By, yields a Tss (Equation (2B-7)) of

- _ 2 a.
T = -114 + NFR} + 10 Log 2.5) (\/ 28,8, - B.?) (2B 9a)
dBm dB
or
Max (2B-9b)
T, = —110 + NF + 10Log V2B B - B2
88 dBm R dB ROV v

*1t should be noted that \/ABV/(GRGT)2 s much greater than 6 .31 By.
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The term \/m has been termed the “effective bandwidth” and, if
it can be used, simplifies Tsg calculations since a single effective bandwidth
can be assigned to a given receiver. Comparing Equations (2B-8) and (2B-9a),
we see that the only error is to the right of the 10 Log term. Equation (2B-9a)
may now be given as

Max B
/. "R .
Ty = ~114 + NFR[ + 10 Log (2.5 B‘,)( 2 — -1 ) (2B-10)
dBm dB B,
or
Max B
Ty = —114+Np“l + 10Log B, + 10 Log (2,5 2_“_,) (2B-11)
dBm dB BV

Thus the error from the actual predicted Tssldnm (Equation (2A-8)) and
approximate TSS‘:‘BE; {Equation (2B-10)) is

(2B-12)
Ervor = Equation B-10 - EquationB-11
dB
or
/ R v By (2B-13)
Error = lOlog(6.31+2.5 26—-—1)—10Log(2.5 2———l>

4B v B,

Table 2B-1 gives this error for various Br/By ratios and, as can be seen,
Br/Bv > 50 has an error within 1 dB. Thus, using Equation (2A-9b) to predict
Tssl :,Bu can give larger than expected predicted Tgg| 1% .
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TABLE 2B-1. Error in Assuming Br/By » 1.

Br/By (10 Log <6.31 + 2.5\/5_5—5— 1> 10 Log <2.5\/2—2-V - 1> ErrorldB
2 10.27 6.37 39
5 11.4 8.75 2.65
10 12.36 10.37 1.98
50 14.94 13.96 0.98
100 ' 16.19 15.47 0.71

Determining the maximum gain necessary to provide Tsg| :13;' is not, as
stated earlier, a straightforward matter; however, solving for the gain

necessary to give Equation (2B-1):

AR, .

V - 9B B -B,2 (2B-14)
G F. 2 ROV W
{ R R

does give quite reasonable results. Substituting Equation (2B-3) into
Equation (2B-14) and solving for Gg

Go 2B 15)

+ 110 - Nl“R
dBm

Max
=T
dB

Ss‘ dR

- 10Log V 2B, B, ~ B?
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The TsgldB for this condition may be easily solved as

Max

’GR[dB e t (2B-16)
8 dBm R dB
BR
+ 10 Log (B )(6.32 +351 V2 — —1)
g (B, 5

v

The error in Tsglagm predicted (Equation (2B-16)), and the maximum
TssldBm expected (Equation (2B-8)), is summarized in Table 2B-2. As can be

t Max
las
however, this error is at worst —1.5 dB (for large Br/By ratios). It should be

seen, the Tsglgp predicted using G is slightly lower than expected;
noted that increasing Ggrlgs 1 dB above our calculated value does not increase
Tssld by 1 dB, as the two terms in Equation (2B-14) are still nearly equal. To

heX  predicted by Equation (2B-8), Grlds must be
increased 5 dB or so above Ggr| " given in Equation (2B-15). This increase in

actually obtain the Tsg

gain increases the video noise and causes serious thresholding problems. It
has been found experimentally that the value for Ggl 5 of Equation (2B-15)

approximately doubles the rms noise out of the video amplifier (with respect to

Max
dB

at least, as that gain needed to produce a receiver noise power equal to the

the noise with no receiver gain). Thus Gg| may be regarded, in principle

detector-video amplifier noise power at the detector’s input.
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TABLE 2B-2. Error in TggldBm Using Ggr|{}* .

10 Log (6.31 + 2.5

10 Log (6.31 + 2.5

{ Bgr/By Error|4n
l V 2Br/By - 1) V 2Br/By - 1)
! 10.27 6.37 3.9
{ 5 11.40 8.75 2.65
f 10 12.36 10.37 1.98
50 14.94 13.96 0.98
100 16.19 15.47 0.71
3-100 —-1.5
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Appendix 2C

Max M
DERIVATION OF Tsslagm, Tss|dm, AND Gg| b
FOR By = Br = 2By

Tsui (3] presents Lucas’ [4] results as

1’ = —114 + NF
S8 dBm R dB

| Ve e |
+ 10Log [3.158, + 2.5 V 2B, B, - B2+ ——— 2C-n

A 2
GLF)

The only difference between Equation (2C-1) and Equation (2B-1), is the first
term after the Log (6.31By for Equation (2B-1) and 3.15By for Equation (2C-
1)). The A term is defined in Equation (2B-3). The limiting cases may now be

given as
AB
Limiting Case 1: > 28 B, - B.”
(G F 1 N
R R
@ 2C-2)
T, = T, -G 2t
™ dBm 5| 4Bm Rian

which is the same as Equation (2B-6) and is to be expected.

AB,
Limiting Case 2;: 2B B, - B 2 »
ROV v (G, F 2
'R R
Max
T = -114 + NF + 10 Log(B)
88 dBm R dB v

/ B
R o
+ lOl,og‘3.l5 + 2 — - || (2C 3
B,
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This equation gives a Tss some 1.5 to 2.3 dBm better than the Tss if Equation

(2B-8) is used.

The receiver gain necessary to give Tsg| ;‘B“; is found in accordance with

Equation (2B-14)

ABVV .
= 2B“Bv - B\‘

o2
GLFY)

and Equation (2B-15) isobtained

Marx GO
G ='|‘“, + 110 — NF - 10Log V2B B, - B2
R dBm 38 dBm R dB R7V v
or
Max |(20
G =T, . + 110 - NF ) - 10Log B_.
R | 4Bm bbldum Rlap v

/B
R
- 10Log V 2= -1

v

2C-49

(2C 5a)

(2C 5b)

It has been found experimentally that for By > By, replacing 10 Log By
with 10 Log Br and neglecting the V 2 Bg/By —1 terms in Equations (2C-3)

and (2C-5b) gives quite reasonable results.
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Nomenclature
AvlsT

B,
Br
By

D
DR| Lo

f3an
FAR

FARN
Fy

GO
Grldn

LG

3

ND| S0
NFRlaB

signal threshold noise amplifier gain

effective bandwidth
receiver Bandwidth
video bandwidth

noise integrator duty cycle
receiver instantaneous dynamic range loss

noise riding threshold loop 3-dB frequency response
false alarm rate
normalized FAR count

video amplifier noise factor

receiver gain = 0 dB
receiver gain (dB)

noise loop transfer function
loop gain

detectar diode constant
normalized noise count
noise loop contrast

effective detector noise input for G = 0
receiver noise figure (dB)
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o/s

PDIdBm
PdldBm

Pin)dBm
PRF
PwW

Spac
Sy

T

Tc

Ty
TssldBm
Tss|
Tssf

Vpac
Ve
VRef
VrIn
Vrls

At

one shot

detector input (dBm)

signal input for 80% probability of detection
receiver input power (dBm)

signal pulse repetition frequency

signal pulse width

DAC scale factor (volt/bit)
noise loop scale factor (FAR/volt)

temperature in degrees Kelvin
counter enable time

integrator enable (update) time
tangential signal sensitivity

Tss for no receiver (receiver gain = 0)
maximum possible Tgg obtainable

digital to analog converter effective output voltage
error voltage

reference voltage

noise threshold voltage

signal threshold voltage

noise loop closure time
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Chapter 3
RANGE-TRACKING LOOPS

Many radar systems (both airborne and land or ship based) employ range
trackers as an integral part of their pulse processing. This chapter will
present the basics of range tracker operation, and a detailed analysis and
design procedures (with examples) for the heart of range tracking: the range
tracking integrators.

Target acquisition and reacquisition techniques will not be covered, and
the discussions to follow assume that range tracker lock-on has occurred (as
will be shown, the range track loop is, in essence, a phase-locked loop and the
acquisition and lock-on concepts are similar).

Figure 3-1 illustrates a simplified active pulse radar. The transmit-receive
(T/R) switch allows the transmitted signal to be radiated by the antenna. The
T/R switch then connects the antenna to a mixer and the received signal is
mixed to the IF frequency, amplified, detected, and fed to the pulse processing
circuitry. The range-tracking loop enables the AGC loop, angle tracker, and
target detection and acquisition circuitry only when an expected return pulse
is present.

The range tracker must be capable of following any changes in closing
velocity between the radar and target, and if the target return should fade, the
range enable gates should still be generated until the target reappears or
reacquisition is initiated. The loop bandwidth should also be as low as
possible to limit the effectiveness of countermeasure techniques used against
range-tracking loops.
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FIGURE 3-1. Basic Active Pulse Radar.

Figure 2-2 illustrates a basic airborne radar-target configuration. The
radar transmits at time T\, and the transmitted pulse reaches the target at
time T;. The pulse is then reflected and reaches the radar at time T2. It is
obvious that Ty = Tg. Thus, the range to the target, R (assuming the pulse

travels at the speed of light), is

CAt

R = — (ft)

2
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where

I
"

speed of light (984 ft/psec)

At = T; + T2 (total time of pulse travel in psec)

RANGE = 0.492 FT/NSEC

T(RANGE} = 2.03 NSEC/FT
TARGET

0

FIGURE 3-2. Typical Radar Target Configuration.

Figure 3-3 illustrates the basic range-tracking loop configuration (it
should again be emphasized that target acquisition has occurred). At time Ty,
the T/R switch allows signal transmission and also starts the linear range
ramp. When the range ramp voltage equals the range integrator voltage, ER
(Figure 3-4a), the comparator output changes state, triggering the range
enable and early-late gate. The early-late gates enable the range
discriminator, the output of which is continually “zeroed” by the feedback
action of the loop (i.e., the range gate is driven such that the target return is
centered in the range gate). The loop filter determines the dynamic loop
performance.

The configuration shown in Figure 3-3 does not lend itself to
straightforward analysis. Appendix 3A discusses the range-tracking loop
from a phase-locked loop perspective, and the range-tracking loop can be
presented (for analysis purposes) as illustrated in Figure 3-5. We will first do
a general analysis of the functional range-tracking loop (without specifying
the loop filter) and then replace F(S) with two filters that are in general use.
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T ———

RANGE INTEGRATOR

FIGURE 3-5. Functional Range-Tracking L.oop.

The general loop gain equation may be given as (Figure 3-5)

LG© = mFS| —— )8

RCS ' R

or
l)SR F(S)

L S

LGS) =

The loop transfer function, [Ro(S)/IR n(S)), may be given as

R (8) LG(S)
HES) = =
R_(S) 1 +LGS)
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Substituting Equation (3-3) into (3-4),

DS, FS)

15
HES) = — R (3.5)

DS F(S)
§+ —

YRi

The normalized range error is

R, (S -R(S) RS

- 3 6)
R. ($) R. (S)
n n
or
R (S) R (S)
- s L C I HE 37
R. (S) R. (S)
n in
Substituting Equation (3-5) into (3-7),
R (S - S (3 8)
Rin(S) DS
S+ K(S)
YRy
Solving Equation (3-8) for the range error, we have
S
R (§) = R. (8) 39
¢ in DS,
S+ — F(S)
Yri

The importance of Equation (3-9) lies in the fact that the loop dynamics to
step input changes in range (AR,S), velocity (AVel'S2), and acceleration
(AAccel/S3) may be obtained. The final range error can then be found by the

final value theorum:
LimR ) = Lim SIR (S| (31

t - o0 | =0
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The first loop filter that will be covered (and the one generally used) is
illustrated in Figure 3-6. This filter ensures a zero final range error to a

velocity step as will be shown.

Ry Cy

= RyCy

EyiS)

FIGURE 3-6. Zero Velocity Error
(Type II) Loop Filter.

The transfer function, assuming a large operational amplifier gain, may be
given as*

E (S ]+Sl2

FS) = —— = —
E (S) St
€ 1

31

Substituting Equation (3-11) into (3-3), the loop gain becomes

”Sl 2 1312

1§

1 +8¢,
LGSy = 1

2
Y Y S

*The inverting sign for the filter tand the range integrator) will be omitted as itis castly

accounted for in the final design
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Letting
DS
K= —R (3-13)
‘R1
1+S8S:
s = X 2l (3-14)
s? '
The loop transfer function, H(S) (Equation (3-4)), may now be given as
K 1+8 tz
S Sy,
HS)) = ———————— (3-15)
K 1+8 l.2
1+ = | ——=
S St
or, upon simplifying,
Ki
K
—_ ¢ __E S
i Y
H(S) = *——-K—-——'_ (3-16)
L
K
8?4 —2g+ —
Y Y
This is the classic equation of a second-order system*
0 +2(w_S
n n 317

H(S) =
s?+2 (wn + w:

* Order is defined as the highest degree of the denominator of the characteristic
equation. Since we have an 82 in the denominator of Equation (3-17), this is a second -order
system.
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where w, is the loop natural frequency and  is the damping factor. From
Equations(3-16) and (3-17),

DS,

w = \/ K = (3-18)
n 1 v v
RI 1
L 4 DS
2 R
(=2 VK =2V R (3-19)
2 1 2 Y

Equations (3-18) and (3-19) illustrate that the natural frequency, w,, can
be made independent of { by ensuring

Yy
— w_ = constant
2 n

(3-20)

The importance of Equation (3-20) will be discussed momentarily.

In addition to being a second-order system, Equation (3-20) is also a Type Il
loop.* Thus from classic servo theory we expect the final value for the range
error, R; found in Table 3-1.

TABLE 3-1. Final Range Error for a
Second-Order, Type Il System.

) Input Final Error (Ry(final))
; Step range 0

' Step velocity 0

Step acceleration Constant

*Loop type is defined as the number of poles ot the loop gain (Equation (3-15)) located at
the origin.
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Substituting the filter Equation (3-11) into the range error Equation (3-9)
and solving for the range error as a function of time yields complicated results,
Fortunately, these equations have been solved and graphed for phase-locked
loops {1 and 2], and, since the configuration of Figure 3-5 (and the previous
discussion) is based on phase-locked loop theory, they are equally valid for
range-tracking loops.

Figures 3-7 through 3-9 are plots of normalized range error for a step in
range, velocity, and acceleration, respectively. As expected, in Figures 3-7
and 3-8, the final range error is zero. In Figure 3-9 the final range error is
nonzero and approaches

A Accel

3-21)
2

Rc(final) =

(5]
n

Figure 3-10 summarizes the general equations for a second-order, Type II
range-tracking loop for easy reference.

Second-Order, Type I, Range-Tracker Design Procedure

The following paragraphs describe the procedure for designing a second-
order, Type II, range tracker. Figure 3-11 illustrates the dual bandwidth (fast
for velocity acquisition, slow for acceleration tracking), second-order, Type I,
range-tracking loop that will be discussed.

A. Knowing maximum range in feet (R mnqu(ft)), determine range ramp
sweep width (Tsw) and scale factor, S,.

sec

T.. = 1.016 x m”(
ft

3.22)
SW ) Rm“ (ft) sec (
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o
o

Re(t)

AR
o
(<2

AR = RANGE STEP
FINAL ERROR, R, = 0

o
FS

e
(X

RELATIVE RANGE ERROR,

FIGURE 3-7. Range Error, R.(t), due to a Step in Range,
AR (Second-Order, Type Il Loop).

c 08
) 3 t =03
W
« |w B t =05
>
2 06 ¢ = 0.707
«c
o o4 AVEL = VELOCITY STEP
a
w FINAL ERROR, R, = 0
& 02
Z
&
w 0
2
[
< -0.2
w |
0 2 3 4 5 6 7 8
wnt

FIGURE 3-8. Range Error, R.(t), due to a Step in Velocity,
aAVel (Second-Order, Type Il Loop).
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1.4
[+
o) 1.2 p~
[ o
[+ 4
w 10~
o~
& 3
< | w
[« s O
w g 06f~ AACCEL =
2 4 ACCELERATION STEP
= 0.4}~
-
o
« 0.2 FINAL ERROR, R, =AAC—CZE—L
w,
0 11 ! I
0 1 2 3 4 5 6 7 8

FIGURE 3-9. Range Error, R.(t), due to a Step in Acceleration,
aAccel (Second-Order, Type 11 Loop).

The maximum value for the sweep voltage (Egpy) is only limited to the supply
voltages available.

E
s, = M Visec (3-23)
W
B. Knowing the range ramp scale factor, calculate Sg (ft/volt)
. - Rpasf® R0 v (3.24)
g = =
Egm 8 (volusec) Ty (sec)
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R
€
R. +\ D
n C—)’_‘VOLT/FT 1 = RyCy
E 1’2 = RZCV
v TRI = RRICRI
RO II
L._‘ SR - -N—J‘
VOLT/FT| Eg + RR)
=
DS 1+8St
LGS) = — 2‘
LmS2 Y
R (S) m:+2(m S

w 1
NOISE BANDWIDTH, BW) = 2-n (S’ + 4—;) Hz

INPUT FINAL ERROR, R,
AR 0

AVELOCITY 0

AACCELERATION | AACCEL/w,2

FIGURE 3-10. Second-Order, Type 1, Range-Tracker
General Equation Summary.
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C. Calculate the range integrator time constant, tg;. The range integrator
output voltage may be given as*

dEy B (3-25)
dt v

RI

Since E, represents the target range-tracker closing velocity, the range
voltage will be a linear ramp (remember a Type II loop has zero velocity error,
and the range voltage, Eg, must keep up with the target velocity). Referring
to Figure 3-5, the velocity of R, must be the same as the velocity of R, (Vel;p);
thus,

dRo
e 4Bz E, (3-26)
SR dt ‘R1
or
. E
Velocity oy (3-27)
S L

R R1

Knowing the maximum velocity (this must be given as a system specification),
we are free to choose the maximum value for £,. Thus tg;may now be found.

Ev(max)SR (3-28)

Rl = TRIVRL T Vel(max)

D. The wideband velocity integrator, ;w and 12w, may be found knowing
the maximum velocity step (AVel), the desired system damping factor
(0), Sk, the discriminator scale factor (D), and the maximum range
error (R,). Using Figure 3-8, find the maximum value (for the desired
system {) for

*The minus sign for the integrator will be omitied as discussed earlier.
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[R(DY[AVel/wn]. Let X, equal this value. The wideband system wp,,
may now be found as

w = Xya AVl (3-29)
nw R, (max)
From Figure 3-10,
2 _ DSk (3-30)
" “rr e
or
DS
_=RC,_ = R (3-31)
w 1 Tvw 2
l'Rl mnw
also,
¢ = o lnw (3-32)
2
or
24
Ly = Ry Coy = S (3-33)
nw
The loop closure time, t., may be found knowing w, , {, and using
Figure 3-8 as follows: find w, t where the relative range error goes to
zero and divide by wpy,.
E. Knowing wpy, and ¢, the loop noise bandwidth may be found:
© 1
. _nw 1 {3-34)
Bwn‘_ = ((+ 4()Hz
F. The loop bandwidth can be decreased after the target has been acquired

in the wideband mode. Decreasing the loop bandwidth has the
advantage of making range gate stealing (a common countermeasure
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technique) more difficult. The loop should just be fast enough to follow
any acceleration changes. Referring to Figure 3-9, find the maximum
value for [R.(t))//[AAccel/w,2] for the system (. Call this value:

X _ R‘_(maxl (3.35)
Acoel A.Accet'm"“_2
The narrowband loop natural frequency may now be found:
X g ocet BAccel (3 36)
W . = _—
nN Rr(max)
Now, from Figure 3-10
=R C - l)S“ (3 371
Y T M YN T 2
YR @aN

The value for R is determined from the wideband case and a unique value of
Cvn can be found.

3 38

The system damping ratio, (, should be independent of w,, thus a unique value
of Ron may be determined.

13
_ N (3 39
‘ - 2 wnN
Solving for ion
2¢
Ly = RZN Uyn = P (3-40)
aN
thus,
Ky, = 2 e
@ Cun
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The final range error is

AAccel
R (final) = —— v (3 42)
g 2
w
nN

G. Knowing wpy and {, the loop noise bandwidth may be found

W
_ _nN 1 . (3-43)
BWyy = ((+—)m

44

H. The range discriminator is discussed in Appendix 3B, and the equations
presented are excellent approximations; however, the discriminator
differencing amplifier gain, A, may have to be adjusted to give the
desired scale factor. Practice has shown that a value for D of 50 mV/ft
gives reasonable values for the range and velocity integrator
component values. " aus, practical designs assume a value for D, and
calculating the range discriminator differencing amplifier gain, A,, is
necessary to give ). The value for Ax may be given as (Appendix 3B)

Dt_..
A = tm (nsec) (3-44)
A 4.1e,
m

Figures 3-12 through 3-16 summarize the design procedure as an easy
reference for the design to follow.
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° TARGET To TARGET T

RETURN I RETURN ]

ERGET RANGE le

\a

i<
TARGET RANGE = 984 FT/uSEC

e RADAR PRI 1
! L

 MAXIMUM TARGET RANGE,
RIMAX), ToiMAX) 1 /RANGE TRACK LOOP

RESET TIME (TRS)

Sy (VOLT/SEC)

RANGE

Ec(MAX)
RAMP !

Tr(MAX), SEC R
" R(MAX), FT L
Tr(MAX) = 2.03 x 1079 Rpay(FT)  SEC Ea(MAX)
R M
AX v = = VOLT/SEC
TR(MAX)
Ruax(FT) Ruax(FT)
MAX MAX
= —— T LT = —  _  FT/VOLT
SR~ EMAX) Vo R T 5y TRMAX)

THE RANGE TRACK LOOP RESET TIME ALLOWS RANGE RAMP RESET AND
INITIALIZATION, AND, DEPENDING ON DESIGN, iS IN THE ORDER OF
10 uSEC.

1
PRI =pRF = TR(MAX) + RESET TIME (Tgg)

FIGURE 3-12. Range Tracking l.oop Scale Factor Design Equations.
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Cy
]l
min
VELOCITY RRi
VOLTAGE /\, - RANGE
Ey —— VOLTAGE
4+ ER
RRi

TRt = RRICRy

Ey(MAX) = VELOCITY VOLTAGE FOR MAXIMUM VELOCITY (VEL(MAX))
VEL(MAX) = MAXIMUM VELOCITY
Sp = RANGE INTEGRATOR SCALE FACTOR, FT/VOLT

Ey(MAX] Sg
R1 = RRICRI = —VECMAX)

FIGURE 3-13. Range Integrator Design Equations.

Design Example:

A range-tracking loop will be designed to meet the following

specifications:
Maximum range, R(max) 180 X 103 ft
Transmitted pulse width 200 nsec
Maximum closing velocity, Vel(max) 1250 fvsec
Maximum velocity step, AVel 400 ft/sec
Maximum acceleration, AAccel(max) 5.6 g (180 ft/secZ)
Early/Late gate width, trg 250 nsec
Maximum range error due to AVel, R, 10 feet
Maximum range error due to AAccel, R, 5 feet
System damping factor, { 0.7
Normalized video input, ejn 2 volts
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W;""""""""""""'""-"""'--—---— -

Row  Cvw
RANGE
ERROR VOLTAGE 4 - VELOCITY
E, R, VOLTAGE, E,,
+
Tiw = RiCyw R
Tow = RowCyw !
0.8
¢ =03
0.5
0.6~
x _
- 0.707
ok f

FINAL RANGE ERROR =0

FIND THE MAXIMUM VALUE OF X, FOR THE SYSTEM ¢,
FROM THE ABOVE GRAPH.

X AVEL
w =
nW R (MAX)

~ DSR RO _ 2t
Rx(\w - 2 2W VW @
tlenw nw
W)
nW 1
BW _ = (; + —> H2
nW 2 4§

THE LOOP CLOSURE TIME MAY BE FOUND, KNOWING § AND wgy.
FROM THE ABOVE GRAPH.

FIGURE 3-14. Velocity Integrator Design Equations (Wideband).
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RANGE ERROR
VOLTAGE, E,
VELOCITY
VOLTAGE, E
"IN = R1Cyn v

TN = RonCyn

14
12
x
1 10
o~
_| Zos}
)3
mw d 0.6 r
Q FINAL
o AACCE
! 0.4 RANGE ERROR =E—?—2£
nN
0.2
0 [ L1
o 1 2 3 4 5 6 8

wnt

FIND THE MAXIMUM VALUE OF X, FOR THE SYSTEM ¢,
FROM THE ABOVE GRAPH.

[N V ——————
nN Rr(MAXn

RC. . = DSy R = 2¢
17VN aN =~
tal wiN @~ Cun

w
nwW 1
Ban = 2 (§+ 4——) He

THE LOOP CLOSURE TIME MAY BE FOUND, KNOWING { AND w,,.
FROM THE ABOVE GRAPH.

FIGURE 3-15. Velocity Integrator Design Equations (Narrowband).
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TARGET VIDEO

RC > 10 te

tc

e R
t I
eG
t | RANGE
LG ERROR
l 1—C VOH;AGE
\ R
F==T—"="

RC <0.02¢ t, . PRF

LOOP CLOSURE TIME

PRF = RADAR PULSE REPETITION FREQUENCY

DISCRIMINATOR SCALE FACTOR, SE,

SE =

2A e vOLT

e .
ty (nsec) NSEC

SYSTEM RANGE DISCRIMINATOR SCALE FACTOR, D

406 A e. v
It n VOLT
= SE ( b ) 2.03 —2 i _in
€ ft tm (nsec) FT

FIGURE 3-16. Range Discriminator Design Equations.
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Determine Tr(max), S, Sp, and PRF (Figure 3-12)

e -9 3 (3-45)
TR(max) = 2.03 x 10" |R(max)] = 2.03 x 10 ° (180 x 107)
TR(max) = 365.8 psec (3-46)
Let the maximum range sweep voltage, Sg(max) = 15 volts
s = Es(max) _ 15 (3-47)
v Tgmax) 3658 x 10°¢

(3-48)

Sv = 41 x 103 Visec
s = R(max) - 180 x 103 (3-49)

R E (max) 15
S, = 12,000 fV (3-50)
_ . (3-51)

PRI = TR(max) + Tog

Let the system reset time = 34.2 psec (a more than reasonable value).*
PRI = 365.8 psec + 34.2 psec = 400 psec (3-52)
1

PRF = ——— = 2.5kHz (3-53)

400 psec

B. Calculate Rrr and Cgy (Figure 3-13). Let Ey(max) = 10 volts for a
Vel(max) = 1250 ft/sec

Ev(max)SR 10(12,000) (3-54)
R..C = =
RI “RI Vellmax) 1250
- (3-55)
RRl CRI = 96

*Seldom is the PRF determined by the system reset time; however, sufficient system
reset time must be accounted for in the design.
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Equation (3-55) yields unrealistic values, since, fora Crjof 1 pF

R, = —— = 96MQ (3-56)

Rl -
1x10°8

The problem may be corrected by attenuating Ev as shown in Figure 3-17.

——tp

FIGURE 3-17. Range Integrator Variation.

IfR3 < Ry
E ' = R3 E, (3-57)
v R2 + R3
or
E’ R, (3.58)
'.—‘— = = Atten.
i R2 + R:l
LetCg; = 2.2pFand R; = IMQ
E,’(max) S, (3-59)
RC, = — =22
1 "Rl Vel(max)

RI Cm Velimax) (3 601

R
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2.2(1250)
E'=s —— = 0.229
v 12,000

E\" _ R3

E, R, +R
Let R; = 1 kQ (thisis much less than Ry)

R.(1 -E'E)
3 v oW
R2=—'-——-——'
E '/E
v v

1 % 1031 - 0.229/10)

= = 42, kQ
2 0.229/10 6
To verify this result,
L= R, Cxi
Rl —
i
Rs + R2
11 x109@.2 x 1074
v = = 96

R 1x10%

42.6 x 10%) + (1 x 103

C. Calculate wideband R;, R2y, Cyw and BW,,, (Figure 3-14).

maximum value of X, for { = 0.7 is (Figure 3-14)

X = 045

XAVel (0.46)(400)
w = =
nw Rc(max) 10

201

(3-61)

(3-62)

(3-63)

(3-64)

(3-65)

(3-66)

The

(3-67)

(3-68)




@ = 18.4 rad/sec (3-69)
nw
DS
R C_ = R (3-70)
vw 2
"RI wn
LetD = 50 mV/ft
0.05) (12,000 _
R C = (—ﬂ——,—) = 1827 x 1073 (3-71)
v 97 (18.4)
Let Cuul = 025 pF
18.27 x 10732 .
| = T = 73kQ
0.25 x 10~
2
R, = —— (3-73)
2w w C
nw vw
2(0.70
Ry = —— e = 304kQ (3-74)
(18.4)0.25 x 10~ %
© 1
BW = — ((+ —) Hz (3-75)
nw 9 4
18.4 ( 1 \
= 507+ —— | =97H (3-76)
W 2 ™o ) 9.7Hz

The loop closure time for a step velocity input can be found for the loop { by
noting the value of w, ¢ for the normalized range error, X, to cross zero. From
Figure 3-14 it can be seen that for { = 0.7,

Wnt = 3.8 (3-77)
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the wideband loop closure time is

=38 (3-78)
18.4

(3-79)

t = 0.21sec
cw

D. Calculate narrowband Ray, Cun and BW,n (Figure 3-15). The
maximum value of X, for { = 0.7, is(Figure 3-15)

X = 1.05 (3-80)
o = S XAAccel _ / 1.08180) a8
Rc(max) 5
w = 6.15 rad/sec (3-82)
nN
c - %k o ®0x 1073 a2 x 10% 3.83)
v 2 3 2
Rt @) (73 x 10°)(97)(6.15)
C_ = 2.24pF (3-84)
vn
Ry = 2¢  _ 2(0.70) 3.85)
W nCn 615224 x 1075
= (3-86)
R,, = 102kQ
w .
aN 1 6.15 1 (3-8T)
BW n = —( +—>= —(o.7+—>
w2 G 2 40.7)
(3-88)

BW"N = 3.2Hz
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The final range error due to acceleration is

AAccel 180
R_(final) = b (3-89)

2 2
o ) (6.15)

R (final) = 4.7f1 (3 90)

The loop closure time may be found, for the loop {, by noting the value of
wnt for the normalized range error, X, to cross zero in Figure 3-15. For{ = 0.7

ot =32 (3-91)
n
.32 _ 32 (392
CN ~ -
© N 6.1
_ (3 93)
tCN = 0.52 sec

E. Calculate range discriminator R, C,and A (Figure 3-16)

9 (3 94)
RC > lml_,(, RC > 10250 x 10 °
e (3-95)
RC > 25 %10
ST 13 96)
RC < 0.02 t tee PRF

The minimum value for the loop closure time, t., will be used (tcw =
0.21 second)

) (3.97)
RC < 0.02(0.21)(250 x 10 %)(2.5 x 107

6 (3.98)
RC < 2.6 x 10
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LetC = 0.001 yF R = 25kQ

-6 (3-99)
RC = 2.5 x 10

If RC is less than 10 tgg, the discriminator scale factor will be low
(which is easily corrected by adjusting A for the proper value). If RC is
greater than 0.02 ¢, tgg PRF, range track loop dynamics may be
affected

The range discriminator gain may now be found (Figure 3-16).

“"EG (nsec)

A, = : (3-100)
.06 ey
0.05) (250
- 0092500 1.54 (3-101)
a 4.06)(@2)

F. Design the range ramp generator.

There are many methods to generate a linear voltage ramp. One
straightforward method is illustrated in Figure 3-18. The switch is
closed during the reset time, Trs (Figure 3-12), and the range ramp
voltage is zero. At time, T, the switch opens and the output linearly
ramps up according to the following equation:

dE
oul

- _(;‘f> = Y Visee (3.102)
RC

dt RC

The output slope is (Figure 3-12)

S

v
v= Re Visec (3-103)

205




-

SYSTEM TIMING —2* _I
1L
Ll Sy (VOLT/SEC)
C
R
RANGE RAMP
-V J\r - oUTPUT
ov
e To
FIGURE 3-18. Range Ramp Generator.
The system S, has been previously determined,
3 {(3-104)
S, = 41 x 10° Visec
LetV = —10voltsand C = 0.1 pF
R = M = 10 (3-105)
$,C 41 x10%H0.1 x10°%
R = 2.44kQ (3-108)

It is a simple task to adjust R to give the exact Sy needed.
Figures 3-19 and 3-20 illustrate the range tracking loop. Figure 3-19 is

straightforward, but a few words are warranted about the comparator (Figure
3-20). The range integrator scale factor is
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Sg = 12,000 fuy (3-107)

or put in a different perspective

8, = 12fumV (3-108)

To avoid any range timing jitter, the comparator must be quite accurate (1
mV of comparator uncertainty represents 12 feet of range uncertainty, or
range jitter). The comparator shown in Figure 3-19 reduces range jitter to less
than 5 feet.

The loop natural frequency, wn, and damping, {, are a function of the
discriminator scale factor, D, which in turn is a function of the target video
return, ¢;p. There is generally some variation in e;, due to target modulation
(see Chapter 1 for AGC limitations and Reference 3 if the range track loop is
driven by a logarithmic amplifier). Figure 3-21 shows the effect on w, and ¢
due to variationsin D. Table 3-2 summarizes the design.

Verifying a range tracking loop design requires test equipment seldom
available except in specialized laboratories. A simple method, however, exists
to measure a range track loop’s natural frequency and damping. It is a fairly
simple matter to simulate a target return pulse at some arbitrary time (range)
from a simulated transmit pulse (see Figure 3-12). Stepping the simulated
return 150 nsec simulates a range change of $24.6 feet (range = 0.49
fnsec). Measuring the range error voltage, £, (Figure 3-19), a curve similar
to Figure 3-7 is obtained. There is a unique relationship between the first zero
crossing and the pcreent of overshoot (Figure 3-22), and the loop’s natural
frequency, wn, and damping, {. Figure 3-23 is a plot of { and Wyt, for a
measured percent of overshoot. The usefulness of Figure 3-23 is shown by the
following:
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wn. RAD/SEC

35
30 |-
DESIGN WIDEBAND
CENTER
25 |-
20 -
15—
10
/NARROWBAND
5
0 . 5 TN T TR [ S B |
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D, mV/FT
1.4
12— DESIGN
CENTER
10 WIDEBAND AND
NARROWBAND
08~
06
04—
0.2
ol L 1®1 1141
0O 20 40 60 80 100 120 140 160 180 200
D, mV/FT

FIGURE 3-21 Effect of Varying D) on Natural
Frequency, vy, and Damping, ¢.
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Table 3-2. Design Summary,

Wide bandwidth Narrow bandwidth
4 0.707 0.707
Wp, rad/sec 18.4 6.15
BW,, Hz 9.7 3.2
Loop closure time, sec 0.21 0.52
RANGE STEP
E(MAX)
OVERSHOOT

/%

RANGE ERROR VOLTAGE
=)

FIGURE 3-22. Range Error Voltage, R.(t),

Due to a Step Change in Range
(See Figure 3-7).
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PERCENT OVERSHOOT

Y
H

—
w

o
W,t FOR FIRST ZERO CROSSING (t5)

%

tO
11 OVERSHOOT

o

RANGE ERROR

TIME

0.7

0.1 03 05 07 1.0 15 20
DAMPING, ¢

FIGURE 3-23. Overshoot and wnto Versus Damping ({.

Given % overshoot = 50%

to = 0.3 second
{ =025

1.32
» = —— = 4.4rad/sec
n 0.3

The measured results of the loop are within 5% of the designed values.

Some designs use a Type I range tracking loop (finite velocity error), and
the basic design procedure will now be covered.
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Second Order, Type I, Ranging Tracking lLoop

The loop filter illustrated in Figure 3-24 will now be discussed. The loop
filter transfer function may be given as (Ay is included for amplitude scaling
or buffering as necessary).

aQ+:, 9
. 2 (3-109)
FS) = A, ————
S =AM
Substituting Equation (3-109) into Equation (3-3), the loop gain is

RV (3-110)

S ll+l,S

DS_A 1 +L25
LG(S) = ’

‘RI

E, VOLTAGE,
By

%

T (R'l + Rz) CV

72 = RaCy

R
1
RANGE ERROR VOLTAGE J\F Ay VELOCITY
iﬁz
T

FIGURE 3-24. Type I Loop Filter F(S) = Av [(1 + 128)/(1 + 1;S)].

The denominator of Equation (3-110) has a single pole at the origin, thus,
this is a Type 1 loop (finite velocity error). The loop transfer function
(Equation (3-5)) may be given as

V2 v
R S + R

(DSAt> DS_A

[ 4 1 1 3 1
HS) = LA Ri 3-111)

DS_A,T DS, A

1

Sz+(_+__n_.v_2)s+__5_v
14

1 4

Ymh

Yy PRy
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————— e

Defining
DSg4y (3-112)
_wn
it
or
DS_A
o, = R v (3-113)
‘RilY
and
, DS_A_t
1.k vzzz(mn (3-114)
Y Y1 YRi
Solving for Z,
(= 1 (HDSR“v‘z) (3-115)
2w,y ‘RI

Substituting Equations (3-115) and (3-112) into Equation (3-111), H(S) may be
given as

2 (2 mnz l'Rl 'S
0" +t\2{o - m) (3-116)
H(S) =

Sz+2(m +w?
n n

The normalized range error, R(S) (Equation (3-8)), may now be found:

2

R!
s? 4 (.)2( )s
R_(S) "\ DS, A, 3117

RS §*+2¢0 5+0’

The loop dynamics for step changes in range, velocity, and acceleration
(Equation (3-10)) are quite complex [1], however, in summary:
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A. Step change in range (AR). Provided

DS Ay (3-118)

wn
> —
‘R ¢

the curves generated for the Type I loop (Figures 3-7 and 3-23) are
valid for the Type I loop. The final range error is

R_(final) = 0 (3-119)
B. Step change in velocity (AVel). The final range error is
AVel
R, (finah) = —————
DS, A, (3-120)
YR1

and provided R (final) is small (which can be ensured by making Ay
large), the curves generated for the Type I1 loop (Figure 3-8) are valid.

C. Step change in acceleration (AAccel). If (D SpAv)igs is large, the
curves generally follow those of the Type II loop (Figure 3-9); however,
the range error increases with time which will eventually cause loss of
lock.

(AAcceb)(t)
[)SR Av (3-121)

Rc(t) =

tRi

The design procedure is similar to that of the Type I loop.

Type ] Tracking l.oop Design Equations

A. Knowing R,y (ft) determines the range ramp sweep width (T'sw) and
scale factors, Sy and Sg. This procedure is exactly the same as for the
Type I loop (see Figure 3-12).
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B. Calculate the range integrator time constant, 1g). This differs
considerably from Type II design as there is a finite range error as a
function of velocity. The range integrator voltage must meet the same
criteria as the Type H loop (Equation (3-26)),

dE, E, (max) _ Veltmax) (3-122)

R1 SR

dt v

(it will be agsumed that Ay is unity, as this is most often the case for
practical Type [ systems).

E (max) = R_(VelD = E_(max) (3-123)
3 [ v
where
Rt(Vel) = Velocity range error
Solving Equations (3-121) and (3-122) for 1z
Yeh
E, (max) = Rl = R (VeND (3-124)
S [
R
ko o Ravenvs, (3.125)
Rl R1 “RI Velimax)

Choose a reasonable value for Cgyand calculate Ry using Equation (3-
125).

C. Calculate Rj, R2, and Cy (Figure 3-24) knowing the desired loop wn
and (. The solutions for t and t2 are complicated by the fact that w,
and ( are functions of ty. Solving Equation (3-112) for 1,
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(3-126)

_2%  'm (3-127)

choose a reasonable value for Cy and solve Equation (3-127) for R 3.

The value for R; may be found via Equation (3-113).

DS
- - R (3-128)
Ly = (Rl + Rz)Cv = Py
l'Rl mn
1
ko= | 2% (3-129)
17 ¢ 2 ty
v "Rl mn

A loop will now be designed using the Type II specification with the
following exceptions:

Rc(max) = 50 ft (AVel = 400 ft/sec), Rt(ﬁnal) = 10 ft(Vel = 1250 ft/sec).

Acceleration error will be calculated (Equation {3-119)) and is not a design
parameter.

A. Determine Tg(max), Sy, Sg and PRF (same as Type I design)

Sy = 41 X 103 V/sec
Sr = 12,000 ft/sec
PRF = 25kHz
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B. Calculate Rgrand Cgrj(Equation (3-125))

by = R

Rt(Vel)l)S“

c, = —
Rl Velimax)

10 (0.05)(12 x 10°)

R Cry = 1250
R CRI = 4.8
LetCg; = 10 pF
4.8
RRI = % = 480 kQ
10 x 10

C. Calculate R}, R2,and Cy

(3 130

(3 131)

(3-132)

(3-133)

The final desired range error is small (10 feet), thus Figure 3-8 can

reasonably be used for our damping factor of 0.707 and a maximum A Vel error

of 50 feet.
X = 0.45
_ XAVel _ 0.45400)
©n = R_(max) 50
or

= 3.6
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From Equation (3-127) (using D = 0.05 volt/ft)

;=Rc=gﬁ—‘“' (3137
2 2V
w_ l)SR
or
260.707) 4.8
L, = R,Cy = - —— (3-1381
3.6 0.05)(12 x 10%)
_ ~ 3 (3-139)
1, = R,Cy = 384.8 x 10
LetCv = 10 pF
. -3
R = w - 18.5 kQ 13- 140)
2 10 x10°¢
From Equation (3-127)
R = 1 DSy, _‘\ (3-141)
! C. @ 2 2
VRt %
i 0.05)(12 x 10%) B .
R, = — - 3818 % 10 J‘ (3 1420
10 x 1078 4.8)(3.6)
R, = 964kQ (3-143)

The rest of the design (range ramp generator, range discriminator, etc.) is

the same as the Type 11 loop (Figure 3-19).
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The loop can be verified the same way as a Type I loop (Figures 3-22 and 3-
23) provided (Equation (3-118) with Ay = 1)

E‘! » On (3-144)
LRI ¢

DS,  (0.0502 x 10%

- = 125 (3-145}
La 4.8
and
O _ 36 _ (3-146)
4 0.707 ’

Thus Equation (3-144) is well satisfied.

The range error as a function of time due to acceleration has been given as
(Equation(3-120))

(AAccelt)
Rt(t) = ——

DS, (3-147)
14

R1

Solving Equation (3-147) for time, for a given maximum range error due to
acceleration:

- l)SR Rt(max) (3.148)

L AAccel

Assuming a 50-foot maximum range error for an acceleration of 180 ft/sec?,

0.05)(12 % 10%)(50)

t = = 34.7 sec
4.8)(180)

(3-149)
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The loop noise bandwidth for a Type I loop may be approximated by the
Type I loop Equation (3-43)

® 1 3-150)
BW = — ( + -—) H 3
n T2 \$T )
or
3.6
BW = = (2 0.707) + ) (3-151)
n T g \2OT0D e
BW_ = 3.18 Hz (3-152)

Figure 3-25 illustrates the Type I range-tracking loop. Note that an
instrumentation amplifier has replaced the Type II range discriminator
amplifier. Modern instrumentation amplifiers have input currents that are
quite low and prevent excessive capacitor discharge; also, the discriminator
gain, A4, can be varied by a single resistor.

The two range tracking loops presented are inherently stable. Reference 1
presents an excellent discussion of loop stability from a phase-locked loop
perspective,
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Appendix 3A

RANGE-TRACKING LOOP
AND PHASE-LOCKED LOOP ANALOGY

Figure 3A-1 illustrates the block diagram for a phase-locked loop. The
basic operation of this loop is straightforward: the phase detector ouiput is a
function of the phase difference between the input, 8in; and output, 6oy, and is
given as

. _ (3A-1)
l"l - Kl (ein eoul)

where

K; = phase detector scale factor (volts/radian)

PHASE LOOP FILTER

DETECTOR (F(S))
Ey —
Oin(f) + —
out!f)
Eo
vCo

FIGURE 3A-1. Phase-L.ocked l.oop.
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——— e —— e,

The phase error is filtered (by F(S)) to suppress noise and determine

dynamic loop performance.

The frequency of the voltage controlled oscillator (VCO) is controlled by
the filter output voltage, E2. The deviation of the VCO is

(3A-2)

where
K2 = VCO sensitivity, Hz/volt = 1/2n (rad/sec/volt)

Since frequency is the derivative of phase, the VCO output may be given as

—_ ») (3/\-3)

d Ow‘/dt = Kz Iu2 rad/sec

and by taking the Laplace transform we obtain

do H
out _ . (3A-4)
Ll " l = SGO“‘(S) = K, h2(Si
Thus, the phase output of the VCO is

K2 Ez(Sl (3A-5)

Oout(S) =

or the phase of the VCO output is proportional to the integral of the control
voltage, E2. We will now relate the range tracking to that of a phase-locked

loop.
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Referring to Figures 3-3 and 3-4, at time, T,, the T/R switch allows the
transmitter signal to be radiated, and starts the range ramp. The range ramp
slope, S,, is

~

E
S = _Romax Visec

R,max

(3A-6)

where
ER max = maximum ramp voltage
TR.max = maximum ramp width

The maximum ramp width must be at least as long as the maximum time
for a signal return, or

1 sec
Th max = (Maximumrange'mfeet)(-——-—a- ) (3A-7}
' 7492 x 107 ft
The range ramp slope may now be given as
(K 1492 x 10°) (3A-8)
S = Rumax Vift
N R

Referring to Figures 3-3 and 3-4a, the range gate trigger occurs when the
range ramp voltage equals the target range voltage. The target range
voltage, Eg, is

E = bv _ hv (3A 9
= =
SR Cri Sty
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where

Ey = range integrator input voltage (or velocity voltage)

tr/ = integrator time constant, Rp;Cgy

The measured range voltage, R,, may now be given as

E 1t)
R = r Vo (3A 1)

o = S, (voluft)

or substituting Equation (3A-10) into (3A-9),

E_ (volt)
v
R (S) = fusec (3A 11}
S tm(sec) Sv (volt/ft)
letting
1
S, = — fuy (3A-12)
R s
v
and
S E
R (S) = (_ﬁ) _v (3A-13)
o v S

where Sg/igs for the range-tracking loop is the K2 for the phase-locked loop
(Equation (3A-2)).

Thus, the range integrator and range ramp may be replaced, for reasons of
analysis, by Figure 3A-2.
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RANGE
R —'""_ ENABLE c
Ey —As >_ I R _‘ih
Sy b ' >— = A
(VOLT/SEC) -._I.-_. +
RANGE =
RAMP

SR —RO(S)

FIGURE 3A-2. Range Integrator Analysis Simplification.
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Appendix 3B
RANGE DISCRIMINATOR ANALYSIS

Figure 3B-1 illustrates the basic early-late gate configuration. With the
video centered as shown, the charge on each capacitor is the same and e, is
zero. If more of the received signal is in the early gate, the difference
amplifier will be positive (and vice-versa).

"I-C DISCRIMINATOR

in
— 4G || OUTPUT
VOLTAGE
VIDEQ INPUT E

| _A T f

N
PW
R
€in '/ | teg = WG

———i"‘EG""'tLG—’i

FIGURE 3B-1. Range Discriminator.

229




The range discriminator scale factor will be found with the aid of Figure

3B-2. The output voltage is a function of RC, PW, ¢;,, {, and the number of
switch closures (effective closure time).

co——r—— | S
5
®in W
€n —w]t ~—
—

FIGURE 3B-2. Early Gate Timing.

The effective time constant may be given as

PRI

L = (RC) 3B b
efl t
EG
where

1

PRI = — 133-2)
‘ PRF
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the output voltage (after 5 iofrand assuming RC » te)

>
bw:2 3B-3)

o tEG in

If the received pulse shifts into the early gate by t psec, Figure 3B-2, the

output voltage is

W/
Pwiz + ¢ (38-4)

e'|n
"EG

e (t) =
0

Thus the net output of the range discriminator, Figure 3B-1 will be

PW/2 + -
Ew= A \ Wi2+t _ PW/2 -t . (38.5)
€ D t t in
EG LG
and letting tpG = LG

P 0 DY (3B 6)

£ Dt in

EG

The range discriminator scale factor may be found by differentiating

Equation (3B-5) with respect to !

dE () 2A,. €.
\ ;
__._._d” L (Visec! 38N
t tEG

Mutltiplying Equation (3B-6) by 1 sec/492 X 106 fi, the range discriminator
slope is obtained

2A, e
D= B in (Vi) 313 8)

U
teG 492 x 107
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orif g is in nanoseconds,

2A e,
)z ———2 3% iy

0.492) tm (nsec)

or

4.1 ADein

D= ————— (V/ft)
tEG (nsec)

(3B.9)

(3B-10)

The value for RC must be much greater than tx¢, and 5 1,/s must be much
less than the loop closure times (t;). Assume the following loop conditions:

100 nsec

l

teG
ein = 3volts
RF = 2kHz (or PRF = 50 psec)

loop closure time = 0.3 second

Letting

RC 2 10t
or

RC = 1 psec
Thus,

RCz1x10"8
LetR = 1kQ

C = 0.001 pF
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(383-12)

(383-13)

(3B 14)



Letting

st = (3B-15)
e~ 10
\ t
5( RC ) <0 (3B-16)
=
tgc PRF 10
e < 26T PRY (3B-17)
50
or
. (38.18)
RC = 0.02¢ t, . PRF
and
-6 9 3 (38-19)
(1 K)0.001 x 10°% = 0.02)(0.3)(100 x 10 %12 x 10%)
or
(3B-20)

1x10°% < 4x10°

and the necessary range discriminator conditions are met.
Figure 3B-3 summarizes the range discriminator equations.

Figures 3B-4, 3B-5, and 3B-6 illustrate the general shape of the range
discriminator output for several PW/tg conditions (g = trg = ).
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QUTPUT

r—-7-"7
1 |

€n

teg = UG

N

AL B SR

—J“‘-tEG -’i“‘LG—'!

RC > 10 teg RC < 002 t, tgg PRF

ty = RANGE LOOP CLOSURE TIME (SEC)

teg 7 EARLY GATE WIDTH (SEC)

41 Apein  VOLT
D 2 ——————r—— av——
tgG (nsec) FT

FIGURE 38-3. Range Discriminator 1Jesign Summary.
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FIGURE 3B-4. Range Discriminator Output for PW > t
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eq—
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1

FIGURE 3B-5. Range Discriminator Output for PW < .
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R

FIGURE 3B-6. Discriminator OQutput for PW > 2
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Nomenclature
Ap differencing amplifier gain
BW, loop noise bandwidth
¢ speed of light (it is obvious when not meant as capacitance)
D range discriminator scale factor (volt/ft)
E, range error voltage
Ep targetrange voltage
Eymax) maximum range ramp voltage
Eyv target velocity voltage
Egy  maximum range ramp sweep voltage
e; range discriminator output voltage
ein targetvideo return
F(S) filter transfer function
H(S) loop transfer function
K dcloop gain (Dgr/tri)
K; phase-locked loop phase detector scale factor (volt/radian)
K2 phase-locked loop VCO sensitivity (Hz/volt)
LG loop gain
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PRF pulse repetition frequency

PRI pulse repetition interval
PW  pulse width

R range (it is obvious when not meant as resistance)
R; rangeerror
L R;n effective input range
R 0x(ft) maximum range in feet
F R, effective output range

S Laplacian S
SE, discriminator scale factor
Sk range integrator scale factor (ft/volt)
S, range ramp scale factor (volts/sec)

Ty master trigger time (range ramp start)

Tk targetrange time
Trs track loop reset time
Tsw range ramp sweep width

¢t Early gate and late gate widths
tc loop closure time
tg; early gate width
{1.c late gate width

At time change
AR range step
AVel velocity step

AAccel acceleration step
¢ loop damping factor
11,12 velocity integrator time constants
1R/ range integrator time constant
6 phase-locked loop phase
wpn loop natural frequency
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Automatic gain control
(AGC), 16,45,64,96
Automatic noise tracking, 111

Bandwidth, 14

Calculations
AGC gain, 96
loop rise time, 99
static regulation, 93

Conical scanning, 64
Continuous wave (CW), 1

Design
equations, 215
example, 195
procedure, 185
verification, 16
Detector characteristics, 84
Dynamic regulation, 3,8

Electronic warfare (EW), 1
FETs, GaAs, 55

GaAs (Gallium Arsenide), 55

INDEX

Input modular reduction (IMR), 3
Integrated circuits (IC), 55
Intermediate frequency am,1

Linear detector, 28
Linearized time constant, 75
Loop gain (LG), 3
Loop rise time, 3,14,74,99
Loop stability, 80
Loops
automatic noise tracking, 111
conical scanning AGC, 64
phase-locked, 224
range tracking, 175,213,224
Low-pass filter (LPF), 1

Modular reduction, input (IMR), 3
Monolithic microwave ICs
(MMIC), 55

Noise, 135
Nomenclature, 104,171,238

Phase-locked loop, 224

PIN diodes, 49

P-N junction diodes, 40,45
Power-voltage relationships, 83
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Radic frequency (RF), 1
gain, 138

Range discriminator, 229

Range tracker design, 185

Range tracking loop, 213,224

Receiver gain, 135

Schottky diode, 46,68
Signal sensitivity, 135,154
Square law detector, 16

Static regulation, 3,4,93
Symbols, see Nomenclature

Tangential sensitivity, 138
Test circuit, 16,28
Thresholding, 150
Time constant, 75

Variable gain elements, 36,40,49,55
Variable time constant, 75
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